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As the world has growing needs for storage of information, searching for the new 
generation memory technology that is non-volatile, energy efficient, and can be 
compatible with silicon technology is one of the popular topics of academic as well as 
industrial research. In this dissertation I present experimental work on various spin-
orbit-torque driven switching behaviors and possible application of these phenomena. 
I show that with novel methods of material optimization and structural modification, 
three terminal magnetic tunnel junctions with in-plane anisotropy can rise up to the 
front of this search and can possibly change the memory writing scheme in the future. 
From the beginning of this century, spintronics has gained much attention due to its 
rich and intriguing physics. The possibility of manipulating magnetization locally 
through angular momentum exchange by the spin orbit coupling also advances the 
magnetic storage technology from field-driven to current-driven switching, which 
significantly enhances the compatibility and scalability of these elements. After the 
introduction in Chapter 1, I show some switching experiments on micron-sized Hall 
bar structures with perpendicular magnetic anisotropy (PMA) in Chapter 2. I discuss 
the significance of various works on PMA structures and the popularity of future 
direction of the research. In Chapter 3 and 4 I describe the nano-fabrication procedures 
and novel measurement techniques that I built and used to obtain the switching results 
that will be introduced in the subsequent chapters. In Chapter 5 I show an effective 
 way of reducing write current in three terminal magnetic tunnel junctions (MTJs) 
using sub-atomic Hf dusting layers and explore the various properties of this 
technique. In Chapter 6 and 7 I mainly focus on fast, nanosecond pulse switching of 
MTJ devices based on the Pt85Hf15 alloy spin Hall channel. I present some novel ways 
of manipulating spin torque switching dynamics and how we can obtain enhanced 
switching behavior with the modification of device geometries. Finally in Chapter 8 I 
briefly touch on the set-up of a high frequency low temperature cryostat and some 
interesting and yet-to-be-understood phenomena of spin-torque switching in the low 
temperature regime where the amplitude of thermal fluctuations is low. 
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CHAPTER 1 
INTRODUCTION 
 
1.1. From spin transfer torque to spin orbit torque 
In the early 20th century when people first discovered that electrons can carry 
angular momentum in their spin they did not realize that this property can become the 
fundamental building block of the modern information storage technology. In 1988 a 
phenomenon called giant magnetoresistance (GMR) based on spin-dependent 
scattering in ferromagnetic materials which gives a distinct high or low resistance state 
in a ferromagnet/non-magnetic/ferromagnet (FM/NM/FM) sandwiched structure was 
discovered and turned into applications in read heads and sensors now used widely in 
various kinds of electronics1,2. In 1996 Slonczewski and Berger succeeded in 
predicting a more complicated application of the electron spins where the spin 
polarized electrons can exert a spin transfer torque (STT) on the magnetization of the 
FM through the exchange of angular momentum and result in the reversal of the 
magnetization direction3,4. More recently people discovered that the interaction 
between electron spins and atomic orbital momentum in certain heavy metals results 
in accumulation of large spin polarization and spin orbit torque (SOT), which is 
known as the spin Hall effect (SHE)5. These findings stimulated the emergence of a 
new scientific branch called spintronics, which focuses on utilizing the electron spin to 
manipulate magnetization orientation and dynamics. 
To describe the precessional motion of the magnetization in a non-equilibrium 
configuration, Landau, Lifshitz and Gilbert introduced an equation with a damping 
 2 
term,  
  (1.1) 
 
where γ is the gyromagnetic ratio, α is the damping factor and Ms is the saturation 
magnetization. The second term on the right-hand side is the phenomenological 
damping term that dissipates energy of the system and tends to align the magnetization 
along the effective field direction. Note that in some cases this model can be more 
easily treated using the macrospin approximation where the magnetic element is 
modeled as one uniform spin. However, in other cases even when the size of the 
element is small, the microscopic details of the magnetic behavior, the 
micromagnetics, needs to be taken into account to explain more complicated domain 
related behaviors, which will be covered and discussed in later chapters of this 
dissertation. When there is an interaction between the spin polarized electrons and the 
magnetic moment, an adapted equation including two more terms is required, 
 
s
d d
( ) )
d t M d t
(
eff
M M
M H M M σ M σ M  (1.2) 
where σ is spin polarization, τ|| and τ⊥ are in-plane and out-of-plane spin torques.   
 3 
 
Fig. 1. 1 Magnetization dynamics with the presence of spin transfer torques. Figure 
reproduced from Locatelli et al.6  
 
As illustrated in Fig. 1.1, the in-plane spin transfer torque acts against the 
dissipative damping torque and another torque, usually called the field-like torque that 
is usually small compared to the spin transfer torque, acts in the perpendicular 
direction and acts to cause the magnetization to precess around the effective field. For 
an electric current passing through a multilayer stack patterned into nanopillars, the 
current becomes spin polarized when it passes through an FM layer with uniaxial 
anisotropy. This spin polarization interacts with the second FM layer and can switch 
the second layer through the spin transfer torque (Fig. 1.2). For applications, the spin 
transfer torque relies on two magnetic layers acting as filters to polarize and detect the 
electric current, in devices where the current flow is perpendicular to the plane of the 
magnetic layers, which is referred to as the CPP geometry.  
 4 
 
Fig. 1. 2 Steady state precession or magnetic reversal caused by spin transfer torques. Figure 
reproduced from Ralph and Stiles7. 
More recently a new spin torque switching mechanism has been discovered 
which does not require an FM layer as the polarizer. It is theoretically predicted and 
experimentally observed that in certain heavy metals, due to strong spin orbit 
coupling, an electric current flowing in these materials creates a spin current which is 
deflected orthogonally and can switch an adjacent FM layer through spin orbit 
torque5,8,9. The first observations in Ta, Pt and W showed a spin Hall angle, defined as 
, as large as ~ 30%8,10. Later it was shown that the heavy 
metal/ferromagnet (HM/FM) interface plays an important role in determining the 
strength of the spin torque delivered to the FM through the transparency T, which in 
turn defines a modified property called spin torque efficiency 11,12. Various 
 5 
efforts have been made to explore the phenomenon at the interfaces to optimize the 
efficiency of the spin orbit torque, among which the tuning of the damping and spin 
memory loss shows significant impact. The spin Hall effect, believed to share similar 
origin as the anomalous Hall effect, have two mechanisms, namely the intrinsic effect 
due to band structure and the extrinsic effect due to spin-dependent disorder and 
impurity scattering. The intrinsic mechanism predicts a spin Hall conductivity unique 
to the material structure and can be utilized to create high spin torque efficiency 
materials through alloying12–14. Later people discovered that antiferromagnetic 
materials (AFMs) can show strong SHE too, which opens up new areas focusing on 
high frequency spin torque dynamics as well as field-free switching using both SHE 
and exchange bias effect from the AFM15,16. More recently works have shown that 
even ferromagnetic materials exhibit SHE, and is sensitive to its magnetism around the 
Curie temperature17,18. These findings raise interesting ideas of using the same 
material as the spin source and the spin detector. Furthermore, based on the knowledge 
that not only electrons carry spin information, spin wave can also interact with local 
magnetization in non-metallic systems, and people also discovered that certain 
families of topological insulators can achieve giant SHE with 19,20. 
Although more work is needed to show the applicability of these materials in the next 
generation magnetic storage systems, these observations greatly enrich the spintronics 
field and can stimulate both fundamental research of the spin orbit torque and the 
application of the new technologies in industry. 
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2.2 Magnetic tunnel junctions and SOT-MRAM 
The application of spin torques evolved over the past 20 years from a simple 
mechanical point contact where the sharp tip confines the electric current into a 
multilayer stack to sandwich structures as small as 20 nm size thanks to advanced 
lithography techniques. Spin valve structures that utilizes GMR to read and write 
information was first developed in the 1980s, and became a popular research topic 
again in the early 21st century, when Katine et al. first demonstrated switching of 
Co/Cu/Co structures with electric current21. Subsequent research brought about the 
potential application of this technique in new generation memory technology which is 
now known as the spin-transfer-torque magnetoresistive random access memory 
(STT-MRAM)22. STT-MRAM is non-volatile due to the preserved magnetic states 
when an external switching field or switching current is removed, and can potentially 
operate at a faster speed than existing SRAM or DRAM due to the high frequency spin 
dynamics. The development of high tunneling magnetoresistance (TMR) led to a 
different configuration of these memory elements where two FM electrodes are 
separated by a thin tunnel barrier, usually an insulating oxide such as Al2O3 or MgO
23. 
The TMR, which is defined as AP P
R
R R
TMR
R
, shows the resistance swing 
between the high and low states of the structure governed by the relative orientation of 
magnetization directions between two FM electrodes, being parallel (P) or anti-parallel 
(AP). Thus it is dependent upon the spin polarization of the two FM materials, as 
shown by 1 2
1 2
2PP
TMR
1 PP
24, where the spin polarization of a specific material is 
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determined by the spin dependent density of states at the Fermi level 
25. The utilization of the TMR greatly enhances the ease of the 
reading of these magnetic elements thanks to materials with high spin polarization 
being discovered over the years26,27. This is explained by the coherent lattice matching 
between (001) plane of body-centered cubic (bcc) CoFeB and (001) plane of MgO 
upon annealing. Room temperature TMR > 600% and low temperature TMR > 1000% 
at 4 K have been achieved so far28, which has led to the rapid development of 
magnetic tunnel junctions (MTJs) that use the FM/tunnel barrier/FM structure29.  
Though the focus of widespread research and development efforts with 
commercial products now being delivered, STT-MRAM suffers from several 
drawbacks due to its switching and reading mechanism. For example, it can have both 
write errors and read disturbance due to the shared read and write path. Furthermore, 
continuous writing through the tunnel barrier can speed up the wear-out of the tunnel 
barrier and cause device failure after repeated application of high current/bias 
voltage30.  
 
Fig. 1. 3 A comparison of 3T-MTJ switched by SHE and a 2T-MTJ switched by STT 
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The discovery of SHE offers a different solution to these issues with a new geometry. 
Liu et al. and Miron et al. showed deterministic bipolar switching of in-plane and 
perpendicularly magnetized MTJs with electric passing through a spin Hall channel8,9. 
Figure 1.3 shows the comparison between a three terminal (3T) MTJ switched by SHE 
mechanism and a conventional STT MTJ. For the 3T-MTJ an electric current is passed 
in the SHE channel and due to spin orbit coupling in the HM, polarized spins with the 
polarization direction set by the sign of SHE form a spin current that is deflected 
toward the magnetic free layer (FL) grown on top of the HM (sometimes with a spacer 
layer in between, as will be discussed in later chapters). A reference layer (RL) is 
usually on top of the tunnel barrier and is kept at a preferred direction by exchange 
bias pinning. The generated spin current from the HM acts on the FL magnetization 
and switches it through the anti-damping torque. Due to the 3T design and SHE 
mechanism, the switching current does not go through the MTJ but instead flows in-
plane, which greatly reduces the risk of wearing out the tunnel barrier, and in theory 
allows for a high overdrive voltage to enable improved performances. Meanwhile it 
circumvents the read disturbance issue since the reading now is separate from the 
writing path. Furthermore, in the 3T design various properties of the MTJ can be 
engineered independently without degrading other performances. For example, in Eqn. 
1.1 the critical switching current density by a macrospin model predicts a dependence 
of Jc0 on damping α, demagnetization field Meff, in-plane coercive field Hc dictated by 
shape anisotropy and the spin torque efficiency ξDL. 
 c0 0 s FM c eff DL
2e
J M t (H M / 2) /  = +  (1.3) 
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For the 3T-MTJs, the demagnetization field is the key factor that determines 
the Jc0 since the in-plane coercive field is one order of magnitude smaller. However, 
the thermal stability factor  is dominated by Hc. Thus by 
engineering the stack structure to reduce Meff we can significantly reduce Jc0 while 
maintaining a high Δ if we maintain a reasonable Hc which is mainly controlled by 
patterning of the devices31. This could not be achieved in STT devices since reducing 
the anisotropy usually brings the reduction of the thermal stability Δ at the same time, 
which makes the switching less robust against thermal fluctuations, causing reliability 
issues in applications. 
While in-plane 3T-MTJs show great promise compared to many other 
emerging memory technologies, people still try to implement other geometries to 
address the relatively poor scalability issue that happens when we rely on elongated 
shapes across the SHE channels to achieve preferred P and AP states. Fukami et al. 
raised a different geometry in which the MTJ is aligned parallel to the channel 
direction which could potentially allow for a significantly narrower channel for a 
smaller footprint of memory device arrays32 (Fig. 1.4). Continuous interest is still in 
devices with perpendicular anisotropy due to their high scalability. Particularly with 
SOT switching of perpendicularly magnetized MTJs, the need to apply an in-plane 
field to enable deterministic switching is not preferable, so worldwide efforts are put 
into removing this field for better compatibility with the integrated circuits16,33–40.  
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Fig. 1. 4 Comparison of different geometries for SOT switching. Figure reproduced from 
Fukami et al.32 
 
One initially surprising thing that in-plane magnetized SOT-MRAMs possess 
is the surprisingly fast dynamics compared to theoretical predictions. Although anti-
damping torques do not act on magnetizations collinear with the spin polarization 
direction, micromagnetic structures at the edge of the nanometer size device as well as 
domain formation appear to eliminate the incubation delay which was once thought to 
be the obstacle for fast switching. There has been some research about different 
switching regimes at different time scales of the applied current (pulses)41–45. Figure 
1.5 shows the behavior of current induced magnetization reversal at different time 
scales. At the long time scale (usually larger than a few μs) the switching is thermally 
activated which means that the dynamics is least affected by the initial configuration 
of the magnetization. However, in the short pulse regime where the time scale is 
within a few nanoseconds, and where most of the research as well as application 
focuses on, the initial state can be critical as confirmed by various experimental and 
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computational works46,47 (see Chapter 7 of this dissertation for our related work). The 
initial state can be controlled actively or passively by the geometry of the sample edge, 
current induced Oersted field, tapering of the magnetic layer, the field-like torque, 
uniformity of the switching current, dipole field from the reference layer, etc. Among 
those methods to manipulate the micromagnetic configurations, via shape 
modification has gained more attention recently due to advanced lithography 
technology enabling more accurate control of the device geometry, which makes it no 
longer an obstacle for commercialization. To minimize the magnetostatic energy, the 
magnetization at the edge of a geometric shape tends to align slightly differently from 
the magnetization in the bulk region (in a saturated state), and this distribution can 
cause different torque distribution due to any current induced effective field. Thus the 
manipulation of the shape can possibly speed up the switching process by preferably 
inducing domain nucleation with a larger size or at certain preferred sites. Although it 
is very difficult to model this due to the complicated switching mechanism in the short 
pulse regime, more effort in this area will likely bring deeper understanding of the 
SOT switching and show the potential of these structures in future applications. 
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Fig. 1. 5 Different switching regimes at different applied current pulse time scales. Figure 
reproduced from Bedau et al.41 
 
Not only does spintronics contribute to information storage technologies, but 
also it can be useful in ultra-high frequency oscillators, spin logics, terahertz signal 
transmission and many other frontiers of the new technologies. In the meantime, more 
experimental and theoretical work is needed to elucidate the debate of underlying 
mechanism of the spin orbit torques and allow for more exciting discoveries in the 
near future. 
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CHAPTER 2 
MAGNETIC AND CURRENT INDUCED SWITCHING IN 
PERPENDUCLARLY MAGNETIZED HALL BAR STRUCTURES 
 
In this chapter we introduce magnetization switching in micron-sized Hall bar 
structures with magnetic anisotropy that is slightly tilted away from perpendicular 
direction, which is caused by a special growth condition. We also show that in a Hall 
bar structure with antiferromagnet PtMn as the spin source, deterministic current 
induced switching can be achieved, which confirms the strong SHE in PtMn. The 
deterministic switching of nano-magnets with electric current is crucial to achieving 
future non-volatile memories that can be scaled down below 10 nm node. While PMA 
devices can be highly scalable, more work is still needed to demonstrate a feasible 
method to remove the requirement of an external field that is now applied to assist the 
current induced switching. 
 
2.1. Magnetic reversal in heterostructures with tilted magnetic anisotropy 
In integrated circuits, as the density of the microprocessor increases following 
Moore’s law, people are gradually faced with further difficulty in the scalability of the 
elements.  
The SOT-MRAM utilizes the spin Hall torque to switch an adjacent free layer 
and shows many advantages over existing and other emerging technologies. However, 
the three terminal design imposes a larger difficulty in scalability compared to two 
terminal STT-MRAM designs due to the larger device footprint. In order to minimize 
the disadvantage of the overall size, a lot of the research focuses on utilizing the pMTJ 
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(perpendicularly magnetized MTJ) that has both the free layer and reference layer 
magnetized out-of-plane so that it doesn’t rely on the elongated shape of the device to 
achieve unidirectional anisotropy, thus shrinking the size of the magnetic bits. 
However, as the mechanism of the spin Hall effect switching indicates, whether the 
reversal proceeds as indicated by the ideal macrospin model or by the domain 
nucleation and expansion model, one has to apply an in-plane bias field along the 
direction of the switching current to achieve deterministic reversals between two 
opposite states. Although this bias field does not need to be strong in most cases, it 
adds a complexity to the memory as well as the circuit design. There are currently a 
few approaches to resolve this issue, including utilizing asymmetry of the layer37,48, 
adding an in-plane magnetized layer to exert the required bias34, using special 
substrates35, etc. Another efficient way is to break the symmetry by tilting the 
perpendicularly magnetized moment slightly towards the in-plane direction. This 
includes utilizing antiferromagnetic layer and exchange coupling at the interface to 
pull the moment away from the perpendicular direction38. Although not directly 
resulting in a broken symmetry, a special kind of ferromagnetic material that has a 
naturally tilted magnetic anisotropy also attracts people’s interest and may be useful in 
future application of the perpendicular switching.       
You et al. reported that by engineering the wedge shape of the magnetic layer 
in a Ta-FeCoB-MgO-Ta nanodot system, tilted anisotropy can be achieved and 
enables current induced switching without an external field39. The symmetry is broken 
through the wedge shape at the edge of the nanodot where magnetization tends to line 
up with the slope of the wedge (Fig. 2.1). They calculated from their results that a 2° ~ 
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5° tilt in their system can successfully replace the in-plane bias field commonly 
required in this type of deterministic switching experiments. Although these results 
show promise in demonstrating field-free switching, the careful fabrication and 
characterization of the wedge of nanometer size could be a big obstacle for further 
improvements as devices are scaled down. In this manner, looking for a material that 
has naturally tilted anisotropy induced by crystal structure, which does not rely on 
complicated patterning is preferable for possible application and mass production. 
 
Fig. 2. 1 Tilted magnetic anisotropy induced by a wedge structure in the FeCoB nanodot. 
(reproduced from You et al.39) 
 
Hellman et al. showed in the 1980s that α-Tb-Fe could show tilted anisotropy 
due to a non-perpendicular incident angle of the material deposition49. Figure 2.2 
shows a schematic picture of their sputtering procedure and their measured tilt angles 
from the perpendicular direction. Tb and Fe targets are tilted towards the substrate and 
are co-sputtered onto the substrate with no sample rotation, which would otherwise 
remove the tilt. Their results showed that the tilt angle has a large dependence on the 
Tb concentration, where more Tb introduces larger tilt angles above the compensation 
composition at ~ 22%. The phenomenological explanation is that the easy axis of the 
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sputtered Fe (or Tb) lattice is at an angle compared to the incident angle of the atoms 
and the tilt leans toward Tb target as Tb concentration increases.  
Shiomi et al. also reported tilted anisotropy in Tbx(FeCo)1-x films where they 
attribute the tilt to the single-ion anisotropy of Tb atoms in a local axial electrostatic 
field due to the substrate bias during the deposition50.  
 
Fig. 2. 2 Sputtering procedure used in Hellman et al. where Tb and Fe guns are tilted towards 
the substrate. The graph on the right shows measured tilt angles from the perpendicular 
direction with the change of Tb concentration in the alloy. (Reproduced from Hellman et al.49) 
 
To explore the magnetic properties of Tb alloys, I prepared a Ta(1)-
TbCoFe(w)-Ta(1)-MgO(2.9)-Ta(1) sample and measured the magnetic response from 
a Hall bar structure patterned by photolithography and ion beam etching. The TbCoFe 
layer was co-sputtered with two guns (Tb and CoFe) separated by some distance. In 
order to achieve the tilted anisotropy, I oriented the sample so that the wafer flat is 
slightly tilted towards the CoFe gun (Fig. 2.3). I grew a wedged TbCoFe to observe 
the transition from in-plane to out-of-plane anisotropy. 
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Fig. 2. 3 (a), Sputter configuration for TbCoFe layer. (b), Hall bar structure and dimensions 
 
First, I measured the resistance of the Hall bars in both horizontal and vertical 
directions to probe the film thickness change across the wafer. Following the 
convention in Fig. 2.4, I recorded the longer Hall bar (nominally 60 μm long) 
resistance in Table 2.1.  
 
Fig. 2. 4 Labeling convention for the TbCoFe Hall bar device wafer. The resistance results 
show that the thickness of the film stack increases in the direction depicted by the arrows.  
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Column 
Row 
1 3 5 7 9 11 13 
1  5.09 3.47 2.37 1.65 1.2 0.93 
3 7.14 4.88 3.83 2.62 1.88 1.42 1.12 
5 7.42 5.98 4.64     
7 8.73 7.51 6.19    Units: 
kΩ 
 
Table 2.1 Resistance of the TbCoFe Hall bars (in kΩ) across the wafer labelled by row 
and column numbers 
 
As indicated by the decrease of the Hall bar resistance as it got closer to the 
longer flat of the wafer, the film thickness increased, which is consistent with the film 
growth condition where the longer flat is closer to the gun during deposition. 
However, there is also a clear trend of the film stack getting thicker as it gets closer to 
the left hand side of the wafer flat, possibly due to the deposition rate of the Tb being 
lower than that of the CoFe. I then carried out anomalous Hall measurements on these 
structures, where we apply an AC voltage across the long bar and sweep the field in 
out of plane direction to the maxima ± 2100 Oe. I probed the induced voltage across 
the shorter bar, which is directly proportional to the out-of-plane magnetization of the 
TbCoFe. Figure 2.5 shows an example of measured hysteresis loops of three devices 
with thickness of the TbCoFe changing from thick to thin. As is common in most of 
the amorphous magnetic materials, the anisotropy lies in-plane when the magnetic 
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layer is thick, due to the larger demagnetization field induced by the large lateral 
dimension. When we swept the out-of-plane field on an in-plane magnetized device, 
the magnetization rotated with the applied field from up direction to down direction, 
causing the observed anomalous Hall signal to continuously change from one value to 
another. In most cases there was a horizontal shift of the hysteresis loop due to the 
imperfection of the pattering, causing the two parts of the shorter bar being misaligned 
by a small distance, which induced a background voltage difference that did not vary 
with the applied field (causing the curve to not center around zero). When the device 
had out-of-plane easy axis, the anomalous Hall response looked like Fig. 2.5(d) where 
sharp, square loops indicate abrupt switching of the magnetization from up to down, 
with a coercive field given by half of the hysteresis loop (in this device ~ 500 Oe). The 
special feature of the TbCoFe samples lies in thickness range where the easy axis 
transitions from in-plane to out-of-plane. A distinct canted loop with still sharp 
switching but gradual change of anomalous Hall resistance before the switching shows 
an easy axis tilted at some angle from perpendicular direction (Fig. 2.5(b) and Fig. 
2.5(c)). The canting behavior is due to the rotation of the magnetization from 
perpendicularly saturated state to its easy axis before it switches. This behavior is not 
observed in other systems such as CoFeB and Co, where in the transition from in-
plane to out-of-plane the anomalous Hall loops show an “S” shape without hysteresis 
as depicted in Fig. 2.6. 
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Fig. 2. 5 Anomalous Hall loops of TbCoFe samples at different thicknesses. (a), In-plane 
anisotropy (b) and (c), Tilted anisotropy (d), Out-of-plane anisotropy 
 
Note that based on the calibration of the deposition, the center of the wafer was 
targeted at 6 nm TbCoFe thickness, which shows significant bulk PMA. For thinner 
layers, a coercive field as large as 2000 Oe was observed. Another interesting feature 
is that during the transition the tilted anisotropy went from small step switching with 
large hysteresis loops at thinner side to large step switching with small hysteresis 
loops at thicker side, as shown by the change from Fig. 2.5(b) to Fig. 2.5(c). This 
behavior qualitatively shows the tilt angle changing from closer to in-plane to closer to 
out-of-plane. However, the wider hysteresis loop at thicknesses closer to in-plane 
anisotropy has not been elucidated so far. 
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Fig. 2. 6 Transition from in-plane to out-of-plane anisotropy in CoFeB films. 
 
Next, we did an anisotropic magnetoresistance (AMR) measurement where I 
fixed the external field at 2000 Oe and scanned the field in the horizontal plane. Due 
to the external field dragging down the magnetization to be almost in-plane, the AMR 
signal which is related to the angle between the direction of magnetization and the 
measurement current varies as the field scan angle is swept from 0 to 2π. We see a 
shift of the AMR curve relative to the zero angle, as shown by Fig. 2.7. This is 
indicative of a tilted magnetization that has an in-plane component at some angle from 
either along or perpendicular to the Hall bar direction. This is likely due to the tilted 
direction of the Tb target during the sputtering, following the analysis from Ref. 7. 
These measurements confirmed the tilted anisotropy of the bulk TbCoFe, and 
indicated that the magnetization of this material is relatively sensitive to the growth 
condition.  
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Fig. 2. 7 AMR measurements with a fixed field scanning 360º in plane on TbCoFe tilted 
samples 
 
For memory applications requiring a high TMR in the MTJs, people first 
started using Al2O3 and in the more recent years MgO as the tunnel barrier due to their 
high spin injection efficiency. Amorphous CoFeB is widely used as the electrode 
material due to its high spin polarization of the electrons at the Fermi surface. With a 
high TMR of even > 1000% achieved in CoFeB/MgO/CoFeB systems, low TMR has 
become an obstacle for other materials to be used in MTJ structures, even though they 
may have advantages in other properties. However, for TbCoFe, it is shown that with 
another oxide material Pr6O11, one can achieve high efficiency tunneling with TMR > 
200% at liquid nitrogen temperature51. This can potentially enable further research in 
utilizing this bulk PMA material in non-volatile memory applications52. 
 
2.2 Current induced switching in antiferromagnet PtMn 
For a long time after antiferromagnetism was discovered, people have thought 
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that it was useless due to its zero net magnetization. However, in the 1990s people 
successfully discovered and utilized the strong exchange bias of antiferromagnetic 
(AFM) material in hard disk recording heads where an AFM layer is used to pin an 
adjacent ferromagnetic (FM) layer. More recently the emergence of spintronics 
opened a new way of looking at spins in various materials. While below the Neel 
temperature, AFM materials show zero net magnetization, the orientations of the spins 
in each sub-lattice can still carry useful information, which, due to the zero net 
moment, gives an extra advantage of high security over the general ferromagnetic 
storage. People have developed ways to image AFMs and to read AFMs electrically, 
and to further manipulate AFM’s orientation including utilizing materials that have a 
net uncompensated moment in each sub-lattice, which gives a small net magnetization. 
Another interesting feature of the AFMs is the interface. Depending on specific 
materials, the compensated, or uncompensated interface in contact with another FM 
layer can lead to various novel and useful phenomena53.   
More recently, people have discovered that strong spin orbit coupling exists in 
some AFMs, some even comparable to many heavy metals16,54–58. We systematically 
studied the spin Hall effect in several PtMn/FM systems including stack order of the 
layers, adding a spacer layer to remove the spin memory loss at the PtMn/FM 
interface, etc. We obtained the strongest spin torque efficiency of 0.24 in a Ta(1.5)-
PtMn(8)-Hf(0.25)-FeCoB(0.8)-MgO(1.6)-Ta(1.5) system15. We also obtained a bulk 
spin diffusion length of 2.3 nm in PtMn and a spin conductance of 
. The high spin torque efficiency and low 
spin conductance show a great promise in future application of this AFM in spintronic 
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devices. 
To further validate the results we got from the spin torque measurements as 
well as to show the feasibility of utilizing PtMn in future storage devices, we carried 
out a series of switching experiments on various stack structures using PtMn as the 
spin source material. We first grew a sample with the stack A: Ta(1)-PtMn(4)-Hf(0.5)-
FeCoB(wedge)-MgO-Ta(1.5). The wedged FeCoB was thin enough to yield PMA in 
the Hall bar structure. The 0.5 nm Hf insertion was used to suppress the spin memory 
loss at the PtMn/FeCoB interface as well as to enhance the PMA of the system as 
indicated by Nguyen et al.59 Figure 2.8 shows the external field scan across the Hall 
bars in the out-of-plane direction. As shown by the comparison between this sample 
and another control sample B: Ta(1.5)-PtMn(8)-FeCoB(wedge)-MgO-Ta(1.5) at the 
same FeCoB thickness, coercive field of the device is significantly enhanced with the 
Hf spacer layer, indicating much stronger PMA. 
 
Fig. 2. 8 Comparison between PtMn-FeCoB PMA structures with and without a Hf Spacer. 
Anomalous Hall loops with out-of-plane field scan. 
 
We further characterized the magnetic field response of this device with 
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external field scanning in the in-plane (hard axis) directions. Figure 2.9 shows the 
anomalous Hall response with the external field scanned in the in-plane x and y 
directions, respectively. Due to the strong PMA, even with a 3000 Oe in-plane field 
applied, the magnetization is still pointed largely out of plane, giving a significant 
anomalous Hall signal, which is proportional to the perpendicular magnetization. As 
the applied field decreases, the magnetization relaxes to the original upward 
(downward) direction and reaches the maximum value at the center of the loop, which 
corresponds to the results shown by Fig. 2.8(b). We observed switching in both x and 
y field sweeps with different hysteresis widths, which is not predicted by the ideal 
coherent rotation of macrospin model. While this could be related to the large domain 
structures with thermal fluctuation, it could also be due to the imperfection of the 
applied field having out-of-plane component, which, as the magnetization gets closer 
to in-plane direction,  helps to switch it across the horizontal plane, thus allowing it 
to relax to the opposite state. 
 
Fig. 2. 9 Anomalous Hall response of sample A with external field scanned in hard axis 
directions (x and y directions) 
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Next, we show current induced switching in our PtMn samples with an in-
plane bias field applied along the direction of the current. The measurement scheme is 
shown in Fig. 2.10(a). DC current is applied in the y direction and an in-plane field of 
200 Oe is applied in the same direction. We observe clean, abrupt switching of the 
magnetization deterministically between up and down with Ic ~ 3.5 mA, shown in Fig. 
2.10(b). Our switching shows that, consistent with the spin torque measurement, the 
antiferromagnet PtMn exerts a sizable spin torque on the adjacent FM, which resulted 
in the reversal of its magnetization. Note that in these types of the devices an in-plane 
field is needed to break the symmetry and induce deterministic switching. In the large 
Hall bar structures with a size of 60 μm × 5 μm, the switching is usually not driven by 
coherent rotation of the moment, but rather by domain nucleation and expansion as 
shown by previous works60,61. In this latter case the spin-polarized current diffuses into 
the FM, it nucleates a domain at a random spot (or at a preferred site by special 
engineering, which will be described later in this section). If no external field is 
applied, the domain wall which exists between the nucleated region and the rest of the 
film will only move under the applied spin current, which will not result in 
deterministic switching. However, when an external field is applied and is large 
enough to break the chirality dictated by Dzyaloshinskii-Moriya interaction and align 
the magnetization in the domain wall in the same direction, the out-of-plane effective 
field generated by the spin current can switch the magnetization up/down depending 
on the polarity of the injected spins. As the electric current is swept, the fast domain 
propagation follows the initial nucleation and finally results in the full switching of the 
magnet. In recent years people have developed various different ways to achieve 
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“field-free” switching in PMA systems using different concepts to replace the applied 
in-plane field16,33–35,38,40, although none of them has proved highly reproducible for 
application so far. 
In the meantime, there are also works that focus on manipulating the switching 
dynamics under the domain nucleation and propagation picture39,46. For example, 
Safeer et al. introduced different shapes of the nanomagnet and underlying channel to 
achieve unidirectional switching at the time scale of 100 ps with an estimated domain 
wall velocity of ~ 400 m/s (Fig. 2.11). The origin of the switching comes from the 
specific combination of the magnetization direction caused by the shape of the 
nanomagnet and the spin polarization direction and distribution dictated by the shape 
of the channel. Similar to the explanation in Fig. 2.10(c), the two features mentioned 
above determine whether and in what direction the domain propagates, which follows 
the initial domain nucleation due to the short pulse heating on the tips of the 
nanomagnet. 
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Fig. 2. 10 Current induced switching in PtMn samples with an in-plane field applied along the 
current direction, as explained by domain nucleation and propagation model. 
 
 
Fig. 2. 11 Unidirectional switching of specially shaped nanodots. (Reproduced from Safeer et 
al.46) 
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Since most of the nanostructure systems people study are beyond the validity 
of the single domain model, understanding domain dynamics is crucial to the 
understanding of various switching behaviors. To date there are many developed ways 
of directly detecting the switching of multi-domain structures including scanning 
transmission X-ray microscopy62, differential Kerr microscopy46, NV-spin63, etc. 
These imaging methods can provide useful guidance for manipulation of the domain 
structures, leading to various future applications that rely on the understanding of 
domain dynamics, including domain-wall logics64–66, fast SOT switching 
devices14,31,67,68 and racetrack memory69,70.   
Finally, we carried out current induced switching experiments on our PtMn 
samples with various applied fields. Figure 2.12 shows the resultant switching phase 
diagram. Before each switching attempt, we saturated the magnetization to the initial 
state with large out-of-plane field. This was to clean up the residual magnetic domain 
configuration caused by previous (current switching) measurement which may result 
in partial switching or reduced switching current due to part of the sample not in the 
ideal initial state to start with. On the phase diagram, the inner region is the bi-stable 
state of the magnetization while the data points indicate switching current at certain 
applied in-plane field for a particular switching polarity. As the applied field is larger, 
the switching current decreases slightly due to the larger effective spin Hall field 
generated by the current. Our switching phase diagram showed similar behavior to 
previously reported samples under the domain nucleation and propagation 
picture60,71,72.   
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Fig. 2. 12 Current switching phase diagram of a PtMn sample. 
 
  In conclusion, in this chapter I have shown magnetic and current induced 
switching of PMA devices, which is the main focus of today’s industrial MRAM 
research due to their better scalability. PMA devices can potentially switch faster, 
although an in-plane bias field is required to break the symmetry and give 
deterministic switching. Various methods and results have been published so far to 
eliminate the requirement of this field, although more reproducible results are still 
needed. While in-plane magnetized MTJs switched by spin orbit torque have been 
reported to generate low power, high speed switching (Chapter 5), there is still wide 
interest and great promise in the area of PMA studies to achieve reliable field-free 
switching, particularly if the switching current can be further decreased.  
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CHAPTER 3 
FABRICATION OF THREE TERMINAL MAGNETIC TUNNEL 
JUNCTIONS 
 
In this chapter I will introduce the fabrication procedures we used in patterning 
our three terminal MTJ structures. I will cover the step-by-step procedures with details 
of resist stack, machine operation, as well as points we need to pay special attention 
to. 
 
3.1. Film growth 
Except for the collaboration with Canon Anelva, who grew IrMn pinned-, SAF 
balanced-MTJ stacks for us, we sputtered simplified MTJ stacks in our magnetron 
sputtering tool, AJA ATC2200. We sputtered most of the materials from 2-inch targets 
with an Argon flow of 8 sccm and a pressure of 2 mTorr. Except for alloying, the 
power of the sputter gun is set at 30 W. When the target was in gun 7, where the wafer 
– target distance is closer, a higher pressure (≥ 3.5 mTorr) is usually needed to ignite 
the gun. MgO was sputtered from a single target with RF power of 100 W. Careful 
checking of the rotation of the wafer holder, ignition of the gun, and the opening of 
gun shutters was needed during the whole sputtering procedure to make sure every 
part works normally.  
For the purpose of successful fabrication, a full 4-inch substrate was required 
for the sputter deposition and we must avoid small cracks caused by the sample clips 
directly pressing on the substrate that may evolve into big ones or even cause the 
wafer to break during sonication in later steps. 
 32 
 
3.2 Fabrication procedures 
The fabrication of three terminal MTJs mainly consists of five steps, which is 
depicted in Fig. 3.1. 
 
Fig. 3. 1 Fabrication flow of three terminal MTJs 
 
3.2.1 Alignment marks 
The MTJ fabrication starts with the creation of the alignment marks that will 
be used in all the subsequent steps to align different features. The alignment marks 
include 12 ASML marks (four on each side) for the deep UV lithography, 12 global 
marks (four on each side) for E-beam wafer alignment and 3 sets of chip marks within 
each die for E-beam exposure. The detailed locations and sizes are labeled in Fig. 3.2. 
In a successful fabrication, only 2 ASML marks, 2 E-beam global marks and 1 set of 
E-beam chip marks are used in alignment. Other marks serve as back-ups when 
primary marks are damaged or lost due to unexpected incidents. 
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Fig. 3. 2 Sizes and locations of alignment marks for MTJ fabrication 
 
There are two ways of creating alignment marks. One way is to 
lithographically define them together with the spin Hall channel (see step ii), which 
gives the benefit of saving time and less systematic shift of the features because of the 
removal of this extra step. However, the exposed/etched marks have poor contrast 
under SEM of the E-beam tool, causing the difficulty of finding/scanning the marks 
during E-beam exposures, which can significantly reduce the yield of the fabrication. 
Here we introduce the other way of depositing alignment marks at the 
beginning of the fabrication procedure. After the sample is grown in the AJA, we use 
an ASML tool (PAS 5500/300C DUV Stepper) to define the marks. Images containing 
various marks are written on the ASML reticle (mask), which was designed in our lab 
and made by Photronics Inc. to achieve minimum feature size of 0.68 μm on the 
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reticle. We use bi-layer resist of DSK-101-4 and UV-210-0.3 and a low dose of 20 
μC/cm2 to expose the marks (see Table 3.1 for details of resist spinning and baking 
protocols). After the exposure, a post-exposure bake at 135 °C for 90 seconds is 
needed before we develop the wafer in the Hamatech-Steag wafer processor using a 
program 726MIF 150SEC. Next, we put the developed wafer into an AJA sputter 
system and deposit a bi-layer of Ti-Pt contact onto our film. The thickness of the 
layers is roughly 10 nm for Ti and 50 nm for Pt. The choice of the materials and 
thicknesses is such that there is enough height difference for photo mark detection and 
good contrast for SEM mark detection. We do a quick lift-off of the resist for 2 hours 
using Remover PG (MicroChem) with a solution temperature of 110 °C. After the 
temperature goes down to room temperature, we sonicate the wafer in Remover PG 
for approximately 30 minutes and transfer it to Acetone for another 30-minute 
sonication. Then we clean the wafer with isopropyl alcohol (IPA) and blow dry with 
pure nitrogen. Finally, we do a quick development in Hamatech using program 
726MIF 60SEC to clean the residual DSK layer that is not completely removed by 
Remover PG. After this step there will be only sputtered marks on the full film stack 
which are visible to the eyes due to their relatively large sizes (micron-size) and the 
rest of the region of the wafer should look shiny and clean with only the sputtered 
magnetic film stack. 
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Resist Spin Condition Bake Condition 
DSK 101-4 2500 rpm, 60 seconds 175 °C, 75 seconds 
UV 210-0.3 2500 rpm, 60 seconds 135 °C, 60 seconds 
Post-exposure Bake: 135 °C, 90 seconds 
Table 3. 1 ASML resist stack with spinning and baking protocols 
 
3.2.2 Spin Hall channel 
The second step is defining and etching the spin Hall channels. With sputtered 
alignment marks, we use the same resist stack and same ASML procedure to expose 
and develop spin Hall channels. The dose is in the range of 20 – 30 μC/cm2 depending 
on the size of the channels and detailed dose test results. We then put the wafer in our 
ion beam etching (IBE) system (IntlVac NanoQuest I) to etch away materials in the 
non-channel region. The IBE system has a 12-cm DC Kaufman source (corresponding 
controller KSC1206) with a source – wafer distance of 6.65’’. A set of typical etching 
parameters is shown in Fig. 3.3. We put thermal paste on the backside of the wafer to 
enhance the heat conduction between the wafer and the water-cooled stage. A glass 
etch mask with a square whole of 5 cm × 5 cm is put on top of the wafer to restrict the 
etching area so that the material stack covered by the etch mask is preserved for FMR 
measurement afterwards. There are two etching steps involved in this channel etching 
procedure. First, we set the angle of the stage to 165° (15° from normal incident) to do 
the main etching. To reduce the heating of the wafer, which leads to difficulty in 
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removing the resist in the subsequent step, we put the wafer on a copper plate attached 
to the stage to enhance heat conduction. Moreover, we set up a shutter cycle program 
that controls the shutter on/off with preset time delays to avoid continuous ion beam 
bombardment of the resist. A working recipe is 5 seconds of etching (shutter open) 
followed by 10 seconds of cooling (shutter closed). The wafer stage is rotated 
uniformly during etching. We use a SIMS detector and software package (MASSoft) 
to monitor the progress of the etching where the peak of an element showing up 
indicates complete etch-away of this material at the center of the wafer. Due to the 
uniformity of the ion beam, there is an observable effect that the center of the wafer is 
more heavily etched than edge of the wafer, so we restrict the size of the active device 
region to within ~ 5 cm × 5 cm to reduce variation of the device behavior due to non-
ideal etching. At this step we usually stop the (close to) normal incident etching when 
we reach the MgO layer. The choice of stopping at MgO layer is, 1) Mg typically has 
a large signal so it is easy to observe, 2) Due to another etching procedure that will be 
described in Fig. 3.1(iii) which also etches material in the non-channel region, we do 
not need to etch away everything in this step. The remaining materials will be etched 
away concurrently with the etching of the MTJ pillar in step iii. When we finish this 
first etching step, we change the stage angle to 110° to do a sidewall etch to clean up 
the re-deposited material during the first step etching, and to create a better profile on 
the edges of the channels. This step is usually a 10-second etch, repeated for four 
times (together 40 seconds). 
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Fig. 3. 3 Ion source parameters for etching the spin Hall channels 
 
After the etching is done, we strip off the resist by heating the wafer in 
Remover PG at 130 °C for 6 hours. The same sonication procedure in Remover PG 
and Acetone is applied at the end of this step, as well as the Hamatech clean-up 
procedure (726MIF 60SEC). To check the results of the channel definition, we use 
AFM (Veeco Icon) to measure the size and profile of the channel. Fig. 3.4 shows an 
example of a 300-nm wide channel whose actual width is measured to be around 290 
nm. 
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Fig. 3. 4 An AFM image of a completed spin Hall channel with a nominal width of 300 nm 
and measured width of 290 nm. 
 
In the rare cases where the resist has gone bad, or where significant heating 
during the IBE causes the hardening of the resist, we could see a thin “fence” (resist 
residue) of usually a few nanometers wide along the edge of the channel, which is 
shown in Fig. 3.5. In this case repeated Remover PG heating at elevated temperatures 
and longer time may help to reduce the fencing but typically cannot fully get rid of the 
resist junk left on the channel.  
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Fig. 3. 5 An AFM image showing a failed spin Hall channel with "fence" on the edge of the 
channel 
 
As mentioned earlier, we can combine the first step of alignment mark 
definition and deposition into this step. To do that, we add the alignment mark images 
from the ASML reticle to the job file and expose the marks at the same time as the 
channels. The marks will be etched down together with the channels, so instead of 
having the marks on top of the magnetic layers this alternative procedure creates 
marks by having the dip into the magnetic layers.   
 
3.2.3 MTJ pillar and contact vias 
After the channels are made, we proceed to making MTJ pillars, and micron-
size vias that serve as the contact from the top to the bottom channel. In order to 
achieve small size (< 100 nm laterally) and various shapes, we use E-beam 
lithography (JEOL JBX-6300FS) to write these features on the channel. We use a tri-
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layer resist stack of OmniCoat/PMMA/HSQ as a writing mask. The details of the 
resist spinning procedures and thermal treatment are listed in Table 3.2.  
Resist Spin Condition Bake Condition 
OmniCoat 3000 rpm, 60 seconds 170 °C, 1 minute 
PMMA 495k 4% 3000 rpm, 90 seconds 170 °C, 5 minutes 
HSQ 6% 3000 rpm, 60 seconds 170 °C, 1 minute 
Table 3. 2 E-beam resist stack with spinning and baking protocols 
 
We use the 4th lens mode of the tool which has a maximum field size of 500 
μm and a minimum pixel size of 1 nm. Design file was prepared using the KLayout 
software and is converted to JEOL v30 file using LayoutBeamer software. In the E-
beam job file we define the location of to-be-exposed dies, the type of MTJ pillar to be 
written and corresponding doses. An example of a job file is shown in Fig. 3.6. During 
the exposure, two large micron-size vias are exposed concurrently with the MTJ pillar. 
These two vias are placed on each side of the MTJ with a separation of ≥ 4 μm from 
each other. These vias serve as electrical connection between the spin Hall channel 
and the top contact, which will be described in the next step. After the fabrication, 
only the top layer can be accessed by measurement probes, so to apply current in the 
spin Hall channel, we need good conduction from the top contact to the bottom. Due 
to the large area, the resistance of these vias is negligible compared to the MTJ or the 
channel, although current shunting due to spreading resistance could potentially play a 
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role in increasing parasitic resistance in the channel, which will be discussed later. 
 
Fig. 3. 6 An example of an E-beam job file 
 
After the exposure, we manually develop the film in 726MIF for 90 seconds 
and rinse with water. Then we do a quick step of “pattern transfer” where we use 
oxygen plasma (Oxford 81 Etcher) to etch down on the PMMA/OmniCoat layers, 
which will be exposed to air after HSQ development. The details of this plasma etch 
step are given in Table 3.3.  
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Time 1 min 30 sec O2 gas flow 20 sccm 
Forward Power 100 W Pressure 50 mTorr 
Table 3. 3 Parameters for oxygen plasma etch of PMMA/OmniCoat resist stack 
 
When these steps are finished, we are left with a full tri-layer resist stack 
covering the MTJ pillar and via regions. We then do an IBE in our etching system 
with same parameter as in the channel etching step. The same thermal paste and the 
etch mask method is applied. However, we need to be very careful about the stopping 
of the etching in this step. We need to stop the etching before the ion beam starts 
hitting the channel material to avoid dramatic increase in channel resistance, which 
will make the measurement of the devices very difficult or even impossible under 
short voltage pulses. On the other hand, we need to etch deep into the free FeCoB 
layer to get a good profile of the MTJ pillar to achieve high shape anisotropy, which is 
a critical property of the devices. Therefore, etch stop is very crucial in this step. 
Usually one more cycle of etching after the signal of the channel material starts to rise 
is a good timing to stop. We also do a sidewall clean after the main etch to remove the 
re-deposited materials that might short the tunnel barrier.  
After the IBE we do a re-fill of an insulating material (SiO2 or Si3N4) to protect 
the MTJ pillars and to electrically isolate them from other regions. We use an e-gun 
evaporator (CVC SC4500) to deposit around 60 - 70 nm of the insulating material. 
The choice of using an evaporator is due to the ease in lifting up the resist in the 
subsequent step while other deposition methods give a capping profile of the 
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insulating film over the MTJ pillar/resist, which causes difficulty for the lift-off 
chemical to get into contact with the resist. After the evaporation is done, we do a 
similar lift-off step of heating the wafer in Remover PG at 130 °C for 6 hours, 
followed by the same sonication protocols. After this step, MTJ pillars are formed and 
protected by the evaporated insulation. With a successful lift-off there should be holes 
opened up on top of the pillar and via regions, ready for deposition of the contact 
materials. An AFM image revealing these features is shown in Fig. 3.7. Note that the 
sizes of the holes do not necessarily match the designed size of the MTJ (via) due to 
imperfect lift-off and limitation of imaging resolution that does not accurately measure 
the width and the depth of a nanometer size dip. Since we only need electric contact 
from the top to the bottom, as long as we see sizable holes (sometimes even a slip, 
when designed features are small) it will be good for continuation to the next step.   
 
Fig. 3. 7 An AFM image showing a successfully lift-off of E-beam resist, which exposes a 
hole on top of the MTJ pillar for subsequent top contact deposition 
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3.2.4 Top contact 
In this step we define and create top contact layers by ASML and AJA sputter 
tools. Once the holes are opened up, we do an ASML step and expose the designed 
shape of contact pads on the wafer. All the resist spinning, baking and developing 
protocols are identical to previous steps with ASML. We use a low dose of 22 μC/cm2 
since the feature size in this step is large. After the development of the contact pads, 
we use the AJA sputtering tool to deposit Ti 10 nm/Pt 50 nm as the top contact. 
Finally, a lift-off procedure identical to the one used in the alignment mark step is 
carried out to clean up the wafer, which finishes the whole fabrication of the MTJ 
wafer. A completed device is exampled in Fig. 3.8. 
 
Fig. 3. 8 A microscopic image showing a completed MTJ device. The two bright triangles are 
two contact vias. 
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3.2.5 Miscellaneous procedures 
When the fabrication is finished, an optional clean-up of the DSK101-4 using 
726MIF 60SEC on the Hamatech is usually carried out. We dice the wafer into small 
chips or rows in order to apply different annealing schemes or other treatment. We 
spin a thin layer of S1813 resist on the wafer and use Disco DAD3240 to achieve the 
high precision dicing. Thermal annealing of various temperatures is applied on diced 
chips/rows using an air convection furnace (Vulcan 3-1750A). Vacuum annealing 
(Lindberg General Signal tube furnace) is also used in some cases to avoid oxidation 
of the chips at high temperatures.  
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CHAPTER 4 
CONSTRUCTION OF A HIGH FREQUENCY SETUP FOR PULSE 
MEASUREMENT OF MTJS 
 
In this chapter I will introduce an advanced measurement technique for fast 
pulse switching experiments. An NI-DAQ based high frequency hardware system is 
programmed to do automatic injection of pulse voltage, MTJ resistance detection and 
calculation of the switching probability/write error rate after the data acquisition. 
 
4.1. General MTJ measurement technique 
In a three terminal MTJ design, the resistance of the MTJ is measured from the 
top terminal and either one of the bottom terminals while the switching current (pulse) 
is sent to the spin Hall channel using the two bottom terminals (Fig. 4.1).  
 
Fig. 4. 1 A schematic picture of general MTJ measurement method 
 
To measure the MTJ resistance, we use a lock-in amplifier (Signal Recovery 
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DSP 7265) and connect its output to the top and bottom terminals. A resistor of 10 
MΩ is inserted in series in the line to share part of the voltage drop from the output so 
the input channels of the lock-in measure the voltage drop on the MTJ device. A 100 
μF capacitor is inserted in series to screen out any possible large DC spikes that may 
cause damage to the MTJ device. 
To apply switching current to the spin Hall channel, we connect the output of a 
Keithley 2450 current source to an RF probe that will touch down on the bottom 
terminals of the MTJ device. When we do pulse measurements, we output switching 
pulses and resetting pulses from two pulse generators and combine the two lines using 
a power divider. The power divider has a 6 dB attenuation of the pulse amplitude, 
which is accounted for in all the data processing.  
 
4.2 NI-DAQ based high-speed pulse measurement technique 
To study the switching behavior at nanosecond time scales, we use signal pulse 
generators (Picosecond Pulse Labs PSPL10100 and 10070A) to send short voltage 
pulses of various pulse amplitudes and durations to the spin Hall channel. The 
conventional measurement method consists of four steps for each switching attempts. 
First, the computer sends a command to the pulse generator through the GPIB and the 
pulse generator emits a voltage pulse to the sample through the RF cable and probe, 
with a preset pulse amplitude and duration in the measurement program. Second, the 
lock-in amplifier reads the resistance of the MTJ and compares it to the value before 
the voltage pulse was sent to the device. It outputs a message of “switched” when the 
measured MTJ resistance crosses the middle resistance as defined by 
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1
2
middle P APR R R , where RP and RAP are MTJ resistances at P and AP states, 
respectively. After this step, a command is sent from the computer to the other pulse 
generator to apply a voltage pulse of relatively low amplitude, larger duration but 
opposite polarity to reset the MTJ to its original state. Finally, a similar reading 
method using the lock-in will determine whether the MTJ has been successfully reset. 
It will keep triggering the second pulse generator to send reset pulses until the 
measured MTJ resistance has returned to the original state. To get good statistics, for 
each combination of pulse amplitude and duration, 200 switching attempts are carried 
out and the switching probability is calculated based on the results from these 
switching attempts. 
However, due to the low speed of lock-in measurement (time constant ≥ 50 
ms) and frequent data transfer/communication between instruments and the PC, this 
type of measurement can be very slow and inefficient. It usually takes a few hours to 
do a set of pulse sweep measurement and due to the delicate nature of our research 
objects, MTJs, longer measurement time creates more risks to kill the devices by stray 
pulses. To resolve this issue, we tried to implement a new measurement system using 
a high speed, high buffer data acquisition card (DAQ) (NI-USB-6361) where we write 
instructions into the memory of the card and let the card trigger acquisition, store 
information and finally transfer the full pack of data to the PC. 
The DAQ and the wiring diagram are shown in Fig. 4.2 and Fig. 4.3, 
respectively.   
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Fig. 4. 2 NI-DAQ card, ports and wires 
 
The DAQ card is connected to the PC through a USB cable for data transfer. 
The port AI 1 is an analog input port, which is connected to a Tee adapter, one end of 
which is connected to a Keithley DC source and the other connected to the MTJ 
sample. The Keithley supplies a constant measurement current (usually 2~5 μA, 
depending on the resistance scale and TMR of the device) through the MTJ and the 
DAQ acquires the MTJ resistance by reading the voltage drop in this line. Three 
digital counters 0, 1 and 2 (PFI 12, PFI 13 and PFI 14) are used to trigger the 
switching pulse generator, the reset pulse generator and the reading (AI 1) from the 
DAQ. On the pulse generators, the ports Ext Trigger are connected to the digital 
counters (PFI 12 and PFI 13) of the DAQ, and are used to trigger output pulses when 
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receiving trigger signals from the DAQ. We set the trigger level to be 0.5 V, above 
which the output of preset pulse sequences is triggered. We need to wire in a 100 Ω 
resistor to each trigger line to reduce the voltage sent to the external trigger circuit of 
the pulse generator since the maximum it can take is 5 V and the output of digital 
counters from the DAQ is also 5 V. The other digital counter PFI 14 is set in the PC 
program to be internally connected to the AI 1 to trigger readings after each switching 
pulse and each reset pulse. The detailed wiring diagram is shown in Fig. 4.3. 
 
Fig. 4. 3 Wiring diagram for the fast pulse measurement setup 
 
The detailed time sequence is shown in Fig. 4.4. The maximum measurement 
speed we can run with this system is at a 100 kHz repetition rate, which corresponds to 
10 μs between two consecutive pulse outputs. This is limited by the pulse generator’s 
output capability. However, to ensure high precision reading especially in less than 
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optimal situations, we reduce the speed to 1 kHz, which is 1000 μs for each switching 
cycle. The three pulse trains, switching, resetting and reading are synchronized at the 
beginning by default DAQ settings. As the DAQ program is initiated a set of 1000 
reset pulses with appropriate polarity and long durations is sent to the device for a 
quick reset to the initial state defined in the measurement. Then a trigger pulse is sent 
to the switching pulse generator, which triggers the output of a switching pulse to the 
spin Hall channel. After 250 μs a trigger pulse (internally wired) triggers the AI 1 of 
the DAQ to acquire a voltage reading of the MTJ. After another 250 μs, a trigger pulse 
is sent to the reset pulse generator, which triggers the output of a reset pulse to the spin 
Hall channel. Finally, another trigger pulse triggers the reading of the MTJ after 
another 250 μs, which finishes one cycle of the measurement. After repeating this 
procedure for a preset number of switching attempts, all the collected data, which is 
temporarily saved in the DAQ buffer, is transferred to the PC memory where the 
comparison calculation is carried out to determine switched/unswitched statuses. After 
calculation, switching probabilities are plotted with regard to pulse amplitude or pulse 
duration. 
Although the reset pulse amplitude and duration are chosen to be sufficient to 
switch the MTJ to the initial state, there could still be occasional reset failures, which 
would give a false judgement of the switching since a failed reset will inevitably give 
a “switched” result in the next switching trial. To eliminate this potential issue, we add 
one step after transferring the data to the PC. We let the PC check the MTJ resistance 
(voltage) after the reset. If the MTJ resistance does not go back to the initial state as 
defined in the measurement, which indicates a reset failure, we pick out the next set of 
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data and discard it. By going through all the data pairs we make sure that all the results 
represent a correct initial state. Since for a particular combination of pulse amplitude 
and duration, the number of repeated trials is typically large (≥ 1000) to get a 
switching probability, removing a few sets of data points does not affect the nature of 
the statistical measurement.     
 
Fig. 4. 4 Time sequence of NI-DAQ based fast pulse measurement 
 
To get the pulse switching phase diagrams that we are going to show in the 
next few chapters, we define a (typically) 50 × 50 grid where there are 50 increasing 
pulse amplitude values and 50 increasing pulse duration values. We carry out 1000 
repeated trials using the method described above at each combination of amplitude 
and duration. We then construct the phase diagram using a color scale based on the 
switching probability calculated for each combination. The rise time of the pulse 
generator is 100 ps, which means that we cannot get to the set amplitude with a set 
pulse duration less than 100 ps. Moreover, at short pulse scheme (< 1 ns), due to the 
rise time and a long tail of the fall time, the actual duration when the pulse is at 
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maximum amplitude is shorter than the set value, but the overall effective time of the 
pulse is usually longer than nominal. Figure 4.5(a) shows a comparison of pulses at 
different set durations with an amplitude of 1 V (from PSPL 10100 model), as 
measured by the LeCroy SDA11000 signal analyzer. On the contrary, the pulse shapes 
from PSPL model 10070A shows a better rise time as well as a quick tail (Fig. 4.5(b)). 
 
Fig. 4. 5 Pulse shape of a 1 V pulse at different durations from two pulse generator models 
10100 and 10070A 
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CHAPTER 5 
ACHIEVING LOW SWITCHING CURRENT IN 3T-MTJS 
THROUGH MODIFICATION OF MAGNETIC INTERFACES 
 
In this chapter I will discuss an efficient method for reducing critical switching 
current in 3T-MTJs using atomic Hf layers to modify the interfaces. By inducing 
higher interfacial PMA, the demagnetization field can be greatly reduced, which 
directly reduces the critical current. I can also tune the magnetic damping of the 
system by passivating the W/CoFeB interface with Hf to remove the spin memory 
loss. Together these modifications give significant amount of reduction in critical 
current that makes these structures very promising in future memory applications. 
 
5.1. Enhancement of perpendicular magnetic anisotropy through an atomic layer 
of Hf at FeCoB/MgO interface 
Ever since the emergence of the STT-MRAM technology that utilizes spin 
current to switch a magnetic storage layer, reducing the write current has been a major 
focus of research in order to be compatible with scaled CMOS transistors and to 
reduce the energy consumption to replace the existing DRAM/SRAM 
technologies43,73. However, due to the nature of spin transfer torques, in an STT-
MRAM structure the efforts to reduce the switching current usually bring concurrent 
drawbacks in other aspects of the devices that make these approaches less effective. 
For example, people realized that the large demagnetization field of the MTJ free layer 
(FL) dominates the switching mechanism so reducing the Meff can lead to smaller 
switching current. Various solutions have been proposed and tested including reducing 
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the FL thickness, using a different magnetic material that has smaller magnetization, 
and trying to create PMA using extra layers30,74–77. However, since Ic0 is directly 
related to Ms*Hk which contributes the thermal stability factor Δ of the device, a large 
reduction of the Hk will lead to significant reduction of the Δ, making the devices less 
stable for reliable data retention. If other materials than FeCoB are used as electrodes, 
we will suffer from reduced TMR, which will make reading of the switching difficult, 
especially in very fast operations intended for competing with the SRAM technology. 
Furthermore, making the thickness of the magnetic layer too small may result in exotic 
switching dynamics in the FL, which could possibly result in oscillatory switching or 
write error rate ballooning observed in some structures78,79. 3T-MTJ designs have the 
advantage of separate read and write paths, which enables us to engineer different 
aspects of the magnetic structure independent of each other. In the context of current 
induced switching, both the demagnetization field Meff determined mainly by the 
thickness of the ferromagnetic layer and any interfacial anisotropy energy density, and 
the uniaxial shape anisotropy Hc defined by the MTJ pillar geometry contribute to the 
critical current density as shown by eqn. (5.1)21,80 
 0 0
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where e is the electron charge, ħ is the reduced Plank constant, μ0 is the permeability 
of free space, Ms is the saturation magnetization of the FL and tFM is the FL’s effective 
magnetic thickness, Meff ≡ Ms – Ks/tFM is the FL’s effective demagnetization field, 
where Ks is the interfacial perpendicular magnetic anisotropy (PMA) energy density, 
and α is the effective magnetic damping constant of the FL. Note that Hc here is the 
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coercive field determined by the shape anisotropy of the elongated nanopillar, which 
can be larger than the apparent coercive field measured by magnetic field switching. 
In a typical material system with FeCoB-MgO-FeCoB structures, Meff can reach (or 
surpass) one Tesla, while Hc is to the maximum on the order of several hundred 
Oersted (with optimized ion beam etching that creates a sharp profile of the MTJ 
pillar). The thermal stability factor is given by  
  (5.4) 
 
where V is the volume of the magnetic layer, kB is the Boltzmann constant and T is the 
working temperature. Comparing the magnitude of the Meff and Hc, we see that 
reducing Meff by an order of magnitude while a sizable Hc can effectively reduce the 
switching current while maintaining high Δ, given that Meff is still much larger than 
Hc, keeping the FL magnetization in plane. 
People have shown that in a heavy metal (HM)/FeCoB/MgO structure, PMA 
of various strengths can exist depending on the choice of HM and the interfaces81–84. A 
widely employed picture to explain the interfacial PMA is the boron diffusion at the 
FeCoB/MgO interface, enhancing the Fe-O bonds that are crucial to this phenomenon. 
While Yang et al. pointed out that an optimum amount of Fe-O bonds is the key to 
strong interfacial PMA, we try to seek for a better interface to enhance PMA, thus 
reducing the Meff of the FL
81,85.  
We discovered the usefulness of the Hf layer inserted at FeCoB/MgO interface 
(hereafter called “Hf dusting”) through a separate experiment where we aimed at 
separating FM layer and MgO layer to study the field-like torque behavior at the 
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FM/MgO interface86. When the Hf is inserted at the interface, the anisotropy field is 
greatly enhanced. Then we started to vary a series of parameters including the Hf 
dusting thickness, FM thickness and annealing temperatures to explore this interesting 
effect. We first grew a wedged sample, Ta(1)-W(4)-FeCoB(0.8)-Hf(wedge)-MgO-
Ta(1.5) (numbers in parentheses represent thickness in nanometers), and looked at the 
anomalous Hall response of the magnetization when an out-of-plane easy axis field 
was applied in the 60 × 5 μm2 Hall bar patterned by standard photo-lithography and 
ion beam etching. Figure 5.1 shows a comparison of hysteresis loops at different Hf 
dusting thicknesses. The increase of the out-of-plane coercive field with thicker Hf 
dusting layers indicates that the PMA increases as the thickness of the Hf dusting layer 
increases. 
 
Fig. 5. 1 A comparison of anomalous Hall response of the structure Ta(1)-W(4)-FeCoB(0.8)-
Hf(wedge)-MgO-Ta(1.5) with different Hf layer thicknesses 
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To characterize the anisotropy field of the Hf dusting structures, we fixed the 
Hf dusting thickness at 0.1 nm, i.e. less than an atomic monolayer, and grew a sample 
with a FeCoB wedge, namely W(4)-FeCoB(t)-Hf(0.1)-MgO-Ta with t being the 
thickness of the FeCoB. The Hall bars with the same 60 × 5 μm2 size are annealed at 
240 °C and 300 °C for 1 hour separately for study of the annealing temperature 
dependence. First we show the first harmonic response of the sample annealed at 300 
°C when external field is swept in the easy axis direction (Fig. 5.2(a)) and hard axis 
direction (Fig. 5.2(b)). 
 
Fig. 5. 2 Anomalous Hall response of the structure W(4)-FeCoB(t)-Hf(0.1)-MgO-Ta (annealed 
at 300 °C) with easy axis (a) and hard axis (b) scan of the external magnetic field 
 
The easy axis scan (out-of-plane direction) shows abrupt switching with a 
coercive field of Hc ~ 100 Oe. The hard axis scan shows a small parabolic curvature 
around zero field, which shows the coherent rotation of the magnetization with 
external field. We can use this region to fit to the macrospin model and get the 
anisotropy field Han as follows, 
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We calculate PMA energy density Keff through 0 / 2eff an sK H M  and plot it 
with various FeCoB thicknesses 
eff
FeCoB FeCoB dt t t= −  where td denotes dead layer 
thickness as measured by VSM. Figure 5.3(a) shows the results at different annealing 
temperatures. The dashed lines show fitting to the relation 
2( 2 )eff effeff FeCoB v s FeCoB sK t K M t K = −  +  where Kv (Ks) is the bulk (interfacial) 
anisotropy energy density. At 300 °C annealing temperature, Ks reaches 1.8 erg/cm
2, 
almost twice the value as in the 240 °C sample, indicating an enhanced Hf dusting 
effect.  
 
Fig. 5. 3 Perpendicular anisotropy energy density at different annealing temperatures for a 
structure W(4)-FeCoB(t)-Hf(0.1)-MgO-Ta (a) and XPS measurements done on a structure 
W(4)-FeCoB(1.8)-Hf(0.3)-MgO-Ta (b) 
 
To get more insight into the Hf dusting effect, we carried out X-ray 
photoelectron spectroscopy (XPS) measurement and explored the chemical 
composition of the material stacks. The structure of the sample is as follows, W(4)-
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FeCoB(1.8)-Hf(0.3)-MgO-Ta. We chose a structure with a relatively thick Hf dusting 
layer to enhance the signal of the XPS measurement. As is shown in the Fig. 5.3(b), 
various Hf oxide peaks were observed while there was no evidence of the metallic Hf 
peak, which indicates that the 0.3 nm Hf is fully oxidized and turns into HfOx. We also 
obtain results showing the broadening of the Fe peak without Hf dusting layer, similar 
to what Ou et al. reported in the Ta-FeCoB-MgO system87. We conclude that the very 
thin layer of Hf inserted between FeCoB and MgO absorbs oxygen liberated during 
the deposition of the MgO layer and creates a better interface for Fe-O bond than the 
original FeCoB/MgO interface, which leads to significantly enhanced PMA in the 
system. 
 
5.2 Switching of the MTJs with a Hf dusting layer 
Based on the observation of the enhancement of PMA using the Hf dusting 
layer, we designed an MTJ stack structure using 0.1 nm Hf dusting and β phase 
tungsten (W) as the spin Hall channel material, W(4)-FeCoB(1.8)-Hf(0.1)-MgO(1.6)-
FeCoB(4)-Capping (hereafter called “W5”). In the meantime, a control sample W(4)-
FeCoB(1.8)-MgO(1.6)-FeCoB(4)-Capping (hereafter called “W10”) was grown as the 
comparison to W5. We patterned the sample into 3T-MTJs using the procedures 
described in Chapter 3. Among various sizes of the designed devices, we choose the 
same nominal size of 390 × 110 nm2 devices on 500 nm wide channels for clarity of 
comparison between W5 and W10. Both samples were annealed in an air furnace at 
300 °C for 1 hour to improve TMR. The annealing temperature dependence of the Hf 
dusting MTJ switching will be discussed in the next section. Figure 5.4(a) shows a 
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schematic of the device structure and Fig. 5.4(b) shows an SEM image of the MTJ 
pillar sitting on the W channel after the E-beam lithography. 
 
Fig. 5. 4 Device schematic and an SEM image of an MTJ pillar on a W spin Hall channel. 
 
To measure the MTJ resistance, a lock-in measurement method described in 
Chapter 4 is used with DC probe placed across the top terminal and one of the bottom 
terminals of the device. To apply DC switching current to the channel, an RF probe 
connected to a Keithley 2400 current source is placed across the bottom terminals. 
When current is passed through the channel, the spin current generated from the spin 
Hall effect carrying a specific spin polarization depending on the polarity of the 
electric current is deflected upward to the FL, and, if strong enough, switches the FL 
through the anti-damping torque. First, we show field switching minor loops of the 
W5 (blue) and W10 (red) devices in Fig. 5.5(a). Both switching directions show a 
sharp, abrupt reversal of the FL, indicating a well-patterned MTJ pillar shape and a 
rigid reference layer (RL). The W5 device shows a slightly smaller hysteresis width 
(coercive field) possibly due to a less ideal ion beam etching that leaves a larger taper 
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on the FL which reduces the shape anisotropy. As can be seen in eqn. (1), Hc is more 
than an order of magnitude smaller than Meff, thus having much less influence on the 
critical switching current density, which should not affect our analysis of the Hf 
dusting effect on our devices. However, Hc does affect the thermal stability Δ, which 
will be confirmed in the ramp rate measurement results to be discussed later.  
 
Fig. 5. 5 Comparison of W5 and W10 devices. (a), Magnetic minor loop (b), Current induced 
switching loop 
 
In Fig. 5.5(b) we show a comparison of switching current Ic between W5 and 
W10 devices when current is swept quasi-statically in the W channel. Note that an 
external field equal to the dipole field observed in the field switching minor loop is 
applied during the current sweep to center the loop around zero and all the subsequent 
measurements are done with this field applied. The dipole field is due to the thick RL 
inducing a dipolar interaction on the FL and can be eliminated by carefully 
engineering a synthetic antiferromagnetic (SAF) layer as the RL, which is a well-
developed technique in industry. The Ic is seen to be almost 3 times smaller in the W5 
device with 0.1 nm of Hf dusting compared to without Hf insertions. To account for 
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the thermal fluctuation in the devices, we carry out ramp rate measurement in which 
we ramp the current in the channel at different rates (10-7A/s to 10-5A/s) and record 
different Ic’s at each current ramp rate. We obtain data sets shown in Fig. 5.6 and fit to 
a thermal activation model, 
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Here Ic0 is the critical current in the absence of thermal fluctuation (zero-
temperature critical current),  I  is current ramp rate, Δ is the thermal stability factor 
that represents the normalized magnetic energy barrier for reversal between the P and 
AP states, and τ0 is the thermal attempt time which we assumed to be 1 ns, as is 
standard practice. 
 
Fig. 5. 6 Current ramp rate measurements on W5 and W10 devices and fitting results 
 
We observe that after accounting for the thermal fluctuation, the W5 device 
with Hf dusting still shows significant reduction of Ic0 (an average of 155 μA) 
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compared to the W10 device (370 μA). As is indicated from the Hc analysis, Δ in the 
W5 device is smaller than in the W10 device. However, it is still greater than 40, 
which signifies data retention of 10 years, and better engineering of the fabrication 
procedure is easily achievable to offer much better thermal stability for device 
operation at elevated temperatures.  
To confirm that the reduction of the Ic0 is rooted in the reduction of the Meff 
facilitated by the Hf dusting layer, we performed flip-chip FMR measurements on W5 
and W10 structures both annealed at 300 °C. The FMR chips were taken from the non-
device region of each wafer where full stack of the MTJ is preserved after the 
fabrication. We first show in Fig. 5.7(a) a comparison of the resonances of the two 
structures at the same frequency 9 GHz. It can be clearly seen that without Hf dusting 
layer (red), there are two resonance peaks close to each other, with the larger 
amplitude peak being the thick RL resonance and the smaller amplitude peak being the 
FL resonance. However, with the Hf dusting layer (blue), the FL peak is shifted to a 
much higher magnetic field. The resonance field vs. frequency relation is described by 
the Kittel model, 
 ( / 2 ) ( 4 )efff H H M  (5.7) 
where γ is the gyromagnetic ratio, H is the resonance field and Meff is the 
demagnetization field. At a fixed frequency, a larger resonance field indicates a 
smaller Meff, which coincides with our results on W5 and W10. To further characterize 
the Meff, we fit the resonance curves to a Lorentzian form as shown by Fig. 5.7(b) and 
extract the linewidth and the resonance field. In the case where RL and FL resonances 
are very close or even overlap, we model using a superposition of two Lorentzian 
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functions with different linewidths and resonance fields, as shown in Fig. 5.7(c). We 
show the resonance field – frequency relation in Fig. 5.7(d). As fitted by eqn. (5), Meff 
of W5 (blue) is 1550 Oe, compared to 7570 Oe in W10 (red), almost a 5× reduction. 
This successfully explains the large reduction of Ic0 in the devices shown by the ramp 
rate measurements.  
 
Fig. 5. 7 FMR measurements on W5 and W10 samples. (a), Comparison of 9 GHz resonances 
of the two samples, showing a large shift of the resonance field with Hf dusting. (b) and (c), 
Resonance raw data and fitting. (d), Fitting to the Kittel model and extracted Meff showing a 
large reduction with Hf dusting layer. 
 
Additionally, we grew wafers with different Hf dusting thicknesses and 
compared the effectiveness in Fig. 5.8. The samples have the same base structure 
W(4)-FeCoB(1.8)-Hf(t)-MgO(1.6)-FeCoB(4)-Capping with the only difference in the 
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Hf dusting thickness t from 0 to 0.1 nm. The samples shown in Fig. 5.8 are all 
annealed at 240 °C for comparison. As is seen in the decreasing trend of Meff, Hf 
dusting is an effective way of tuning the demagnetization field, thus the critical 
switching current, and one can adjust the thickness of the Hf layer (in combination 
with the annealing temperatures, as will be shown in the next section) to achieve the 
amount of Meff preferred for different applications. 
 
Fig. 5. 8 Meff of MTJ structures with different Hf dusting thicknesses 
 
5.3 Temperature dependence of Hf dusting effect 
We have shown in section 5.2 that the insertion of a Hf dusting layer, as thin as 
0.1 nm, can dramatically change the demagnetization field of the FL, resulting in large 
reduction of the critical switching current of the MTJ device. However, it is also 
crucial to investigate thermal robustness of this engineering method so that it is useful 
in application in industrial fabrication where back-end-of-the-line thermal procedure 
can go up in temperature to above 400 °C for up to several hours in total time. People 
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have found that some metals, including Pt and Hf can possibly diffuse to adjacent 
layers at high processing temperatures, which can be a big obstacle for future 
applications of those structures in integrated circuits88,89. 
In order to test the thermal robustness of the Hf dusting technique, we take W5 
devices and anneal them to different temperatures, 240 °C and 300 °C. We carry out 
similar FMR measurements first and show in Fig. 5.9(a) the comparison of the two 
samples. The sample annealed at 240 °C shows Meff ~ 4300 Oe (magenta), almost 3 
times larger compared to the sample annealed at 300 °C (blue), although still smaller 
compared to Meff ~ 5600 Oe in the as-grown state. 
 
Fig. 5. 9 W5 devices annealed at different temperatures, 240 °C and 300 °C. (a), FMR 
measurements showing reduced Meff at the higher annealing temperature. (b), Switching 
experiments confirm the reduction of Ic0 at the higher annealing temperature. 
 
Consistent with our analysis, the device annealed at 240 °C also shows a larger 
switching current compared to the device annealed at 300 °C, due to the larger Meff. 
Shown in Fig. 5.9(b) is the comparison of the current switching loops at two different 
annealing temperatures with the inset notes showing zero-temperature critical current 
Ic0 after the ramp rate measurements (data not shown here).  
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As a separate check of the Hf dusting effect, we measured the saturation 
magnetization Ms of the W5 sample at annealing temperatures T = 240 °C and T =300 
°C. As is shown by Fig. 5.10, Ms at 300 °C annealing is ~ 1.4 × 10
6 A/m, slightly 
higher than ~ 1.33 × 106 A/m at 240 °C annealing, which confirms that the reduction 
of Meff is only due to the enhancement of interfacial PMA caused by the Hf dusting 
layer, and not by the change of Ms. 
 
Fig. 5. 10 Saturation magnetization Ms at two different annealing temperatures, 240 °C and 
300 °C. 
 
Next we tried to anneal structures with different Hf dusting thicknesses to 
different temperatures to confirm our findings in our W5 sample. We prepared three 
samples with Hf dusting layer thickness t = 0 nm (W10), t = 0.05 nm (W13), and t = 
0.1 nm (W5) while keeping the other layers the same in the stack. We carried out 
FMR measurement after annealing at temperatures T = 240 °C, T = 300 °C, T = 350 
°C as well as in the as grown state. Figure 5.11 shows the results we got from the 
above measurements. First, we see that Meff decreases with thicker Hf dusting layers, 
which is consistent with results shown in the previous section. Without Hf dusting, 
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Meff reaches above 1 T, while with Hf dusting and thermal annealing Meff drops to 
below 2000 Oe, more than a factor of 5 reduction. Second, all three samples show a 
monatomic decrease of Meff with higher annealing temperatures, which indicates an 
enhanced interfacial PMA possibly involving boron diffusion. Note that for W5 the 
Meff saturates at above 300 °C where the magnetization is close to out-of-plane and 
further annealing will likely change the anisotropy direction.   
 
Fig. 5. 11 Meff in various structures at various annealing temperatures. W10 – without Hf 
dusting layer. W13 – with 0.05 nm Hf dusting layer. W5 – with 0.1 nm Hf dusting layer. 
 
The annealing test results show that the Hf dusting effect is enhanced at higher 
annealing temperature, which is highly preferable given the standard high temperature 
processing protocols applied in the existing semiconductor industry. We can achieve 
even lower write energy in the integrated circuit without degrading the thermal 
stability if we carefully control the fabrication procedures. When we look at the 
devices at the highest annealing temperature, we find that the high resistivity tungsten 
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maintains its β phase, despite some early debates on its high temperature annealing 
performances90,91.  
 
Fig. 5. 12 (a), TMR of W5 and W10 devices at different annealing temperatures. (b), A thinner 
Hf dusting layer and higher annealing temperature result in much higher TMR. 
 
In the meantime, TMR was greatly enhanced at the higher annealing 
temperatures due to better crystallization of the FeCoB/MgO/FeCoB lattices27,92,93. 
Figure 5.12(a) shows TMR in W5 (blue) and W10 (black) devices. With Hf dusting 
layer, TMR is reduced due to the extra HfOx layer breaking the FeCoB/MgO tunneling 
interface through additional spin scattering. However, there are methods to address 
this potential issue including using thinner Hf thickness and higher annealing 
temperature. Figure 5.12(b) shows an example of a W13 device (0.05 nm Hf dusting) 
annealed in a vacuum furnace at a set temperature of 350 °C (actual temperature in the 
chamber is calibrated to be ~ 450 °C). TMR above 100% can be achieved, showing 
adaptivity of the Hf dusting technique to standard processing protocols.  
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5.4 Control of magnetic damping through additional Hf spacer layer 
While Meff is a key factor determining the critical switching current, there is 
another important parameter that will affect the efficiency of the switching – the 
magnetic damping α. Unlike the SOT switching of PMA devices with the effective 
field of the spin transfer torque where high damping helps to relax the magnetization 
to the switched state faster, switching through anti-damping torque in the in-plane 
devices can take advantage of the small damping and excite the precession of the 
magnetization at the beginning of the switching with lower current. As damping is 
both a bulk property determined by the ferromagnetic material and an interfacial 
property affected by the spin scattering at the interface, we tried to reduce the damping 
through another way of interface modification.  
Nguyen et al. have shown that an insertion of a 0.5 nm Hf layer separating Pt 
and FeCoB can result in an effective reduction of the damping through the suppression 
of spin dependent scattering without significant attenuation of spin current that is 
transmitted into the FeCoB layer88.  
We tried a similar method and inserted an even thinner Hf spacer of only 0.25 
nm between the W channel and the FeCoB FL. The structure of the sample was as 
follows, W(4)-Hf(0.25)-FeCoB(1.8)-Hf(0.1)-MgO(1.6)-Capping layer (hereafter 
called “W9”). Note that we also used a Hf dusting thickness of 0.1 nm following the 
analysis in the previous sections to reduce Meff. The sample was annealed in an air 
furnace at 240 °C for 1 hour. 
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Fig. 5. 13 Comparison of damping α between W5 and W9 samples both annealed at 240 °C 
 
We show in Fig. 5.13 a comparison of damping α between the sample with 
only Hf dusting layer (W5, blue) and the sample with both Hf dusting and Hf spacer 
layers (W9, green). The results obtained from the FMR measurements can be fitted 
using 
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where ΔH is the linewidth and ΔH0 is inhomogeneous linewidth that is usually 
material defect related and is not affected by the resonance frequency. As indicated by 
the slope of the fitting lines, the damping in the Hf spacer - Hf dusting sample is about 
30% lower than the sample with only the Hf dusting layer, which is another boost in 
the reduction of the Ic0. 
We summarize the Meff in various W-based MTJ structures in Fig. 5.14. As is 
explained in section 5.3, a large reduction of Meff in W5 samples compared to W10 
without Hf insertion layers is due to the Hf dusting enhancing the interfacial PMA, 
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and the effect is further enhanced at higher annealing temperatures. While the 
additional insertion of the 0.25 nm Hf spacer at W/FeCoB interface is aimed at 
reducing the damping α, we see a further decrease of Meff in this Hf dusting - Hf 
spacer structure, giving almost half of the value compared to the Hf dusting only 
sample. This is possibly due to diffusion of some the Hf spacer material during the 
annealing to the FeCoB/MgO interface, which further helps to strengthen the PMA, as 
seen in a previous report88,94. Note that in the W9 sample, annealing at 300 °C caused 
the FL to start losing in-plane anisotropy and fall into an intermediate regime where 
the anisotropy transitions from in-plane to out-of-plane, which led to a failure of FMR 
analysis as well as unstable MTJ devices. One can possibly avoid this issue by 
reducing the thickness of the Hf dusting and anneal to higher temperature to achieve 
both low Meff and higher TMR.  
 
Fig. 5. 14 A summary of Meff in various structures at different annealing temperatures 
 
We next show switching results from a typical W9 sample of size 190 × 30 
nm2 on a 480 nm wide, 4.4 nm thick W channel with both Hf spacer and Hf dusting 
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layers. In the inset of Fig. 5.15(a), field switching minor loop of the W9 sample shows 
abrupt reversal of the FL with a coercive field of ~ 40 Oe. A DC switching current of 
~ 50 μA is observed in this sample. This is about 40% lower than the W5 sample with 
only Hf dusting layer, as shown by the comparison plotted in Fig. 5.15(b).  
 
Fig. 5. 15 Current induced switching in Hf dusting - Hf spacer sample (W9) and comparison 
of Ic between W9 and W5. 
 
We carried out ramp rate measurements and show data and the fitted results in 
Fig. 5.16. With both Hf dusting and Hf spacer layers, we achieved Ic0 = 115 μA, which 
converted to switching current density by using tchan = 4.4 nm and wchan = 480 nm, is 
Jc0 = 5.4 × 10
6 A/cm2, the lowest ever achieved in any three terminal devices.  
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Fig. 5. 16 Ramp rate measurements on a W9 device with both Hf dusting and Hf spacer layers. 
An average of Ic0 = 115 μA and Δ = 36 is achieved. 
 
The 3.6 kΩ channel resistance indicates that the W channel is still in its β 
phase. Additionally we can calculate the spin torque efficiency ξDL from eqn. (5.1) 
using the parameters obtained from current switching and FMR measurements. We get 
ξDL =  −0.15 ± 0.03 for the measured device, which is lower than reported values 
from previous works10,71,95. This is expected due to the Hf spacer attenuating the spin 
current, thus reducing the strength of the spin torque exerted on the FL layer. To 
confirm the results calculated from the switching model, we fabricated two control 
samples with a Hall bar geometry, W(4)-FeCoB(tFeCoB)-Hf(0.1)-MgO-Ta (annealed at 
240 °C, 1hour) and W(4)-Hf(0.25)-FeCoB(tFeCoB)-Hf(0.1)-MgO-Ta (annealed at 240 
°C, 1hour). We carried out spin torque FMR (ST-FMR) measurement to evaluate the 
spin torque efficiency in the two structures. When there is a constant, significant field-
like torque in the heterostructure86, the spin torque efficiency, ξFMR, measured by the 
ratio of the symmetric and anti-symmetric components of the ST-FMR lineshape, can 
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be expressed as11: 
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where ξDL and ξFL stand for damping-like and field-like spin torque efficiency, 
respectively, and tFM (tHM) stands for the thickness of the ferromagnet (heavy metal).  
 
Fig. 5. 17 ST-FMR measurement on two structures with Hf dusting + Hf spacer and without 
any Hf insertion layers, both annealed at 240 °C 
 
The intercept of the linear fit gives the ξDL = −0.26 ± 0.03 for sample W(4)-
FeCoB(tFeCoB)-Hf(0.1)-MgO-Ta and ξDL = −0.20 ± 0.03 for sample W(4)-Hf(0.25)-
FeCoB(tFeCoB)-Hf(0.1)-MgO-Ta, in reasonable agreement with the calculated values 
from our switching measurements, but somewhat above those values. The slight 
difference could be the result of an increase in damping in our nanostructures due to 
side-wall oxidation of the nanopillar in the lithography process, which can be 
addressed by in-situ passivation in the future96. We see that there is some attenuation 
of the spin current as 0.25 nm Hf spacer is inserted. However, the reduction of the 
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damping outweighs the cost of the spin torque attenuation and further careful 
engineering of the Hf thicknesses is achievable to optimize the structure for better 
performance.  
Finally, we summarize the critical switching current achieved in various kinds 
of in-plane and PMA 3T structures in Table 5.1. The in-plane devices show a 
significantly lower write current density than the PMA devices, which in many cases 
still require an in-plane external field to deterministically switch the magnetization 
between two distinct states. Among the in-plane devices, our W-based structure with 
Hf dusting and spacer layers shows a very great promise for future application with its 
low energy consumption, non-volatility and high degree of freedom for further 
optimization. 
 
W with 
Hf 
insertion 
layers 
W Pt Ta 
PMA 
W/CoFe
B/MgO 
nanodot 
PMA 
MTJ with 
Ta 
channel 
3T 
DW 
motion 
device 
Anisotropy In-plane-magnetized PMA 
Critical 
current 
density 
(x106 A/cm2) 
5.4 18 40 32 >140 >50 >50 
Reference 
This 
work 
Pai et 
al.10  
Aradhya 
et al.68 
Liu et 
al.97 
Fukami 
et al.98 
Cubukcu 
et al.99 
Fukami 
et al.100 
Table 5. 1 Comparison of Jc0 between the different 3T-MTJ structures reported to date 
 
 
5.5 Fast and reliable pulse switching in Hf dusting – Hf spacer structures  
We have shown in the previous sections that the Hf dusting and Hf spacer 
layers are effective ways to reduce the switching current in 3T-MTJ structures. For 
application, especially as replacement of SRAM in the cache memory, fast switching 
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is also highly preferred. We explored the switching of our W-based MTJs with Hf 
insertion layers in the short pulse switching regime. The device we measured is a W9 
device of size 190 × 30 nm2 and is annealed at 240 °C for 1 hour. We used the pulse 
switching setup introduced in Chapter 4 and applied short voltage pulses to the W 
channel. Similar to the DC current flowing continuously in the channel, voltage pulses 
in the nanosecond (or even picosecond) regime can also generate spin current that will 
switch the FL in a shorter time scale. When we send a voltage pulse of a specific 
combination of the amplitude and duration, we measured the resistance of the MTJ 
after the pulse and determine whether the MTJ has been switched. We repeated the 
same switching trial 1000 times to calculate the switching probability for this 
combination. We then varied the pulse amplitudes and durations and obtained 
switching probability curves as shown in Fig. 5.18. As is expected from the spin 
torque switching model, the switching probability Pswitch increases as the pulse 
duration increases for a fixed pulse voltage. Similarly Pswitch increases as pulse voltage 
increases for a fixed pulse duration. Both polarities AP→P and P→AP reach Pswitch ~ 
100% at Vswitch = 1.88 V in as short as 1 ns. 
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Fig. 5. 18 Pulse switching probabilities of a W9 device annealed at 240 °C for polarities (a), 
AP→P (b), P→AP. 
 
To get a clearer picture of the switching behavior and more information 
regarding the critical switching voltage and critical switching time scale, we did more 
intense measurements on another device with the same nominal size, and plot 
switching phase diagrams in Fig. 5.19. A voltage range of 0.45 – 1.3 V and a duration 
range of 0.2 – 8 ns are used to do the measurement and produce the phase diagram 
with a grid size of 70 × 70 (4900 data points, with each point being the Pswitch of 1000 
switching attempts). The red color represents the non-switching region and the black 
color represents the 100% switching region. In the middle where the behavior 
transitions from non-switching to 100% switching are the 50% switching probability 
points as shown by green points. Although non-uniform micromagnetic dynamics are 
likely to  be involved in the switching and affect the overall  behavior67,68, we 
employed a macrospin model that still reasonably describes our observation101: 
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where t0 and V0 are the characteristic switching time and the critical switching voltage, 
respectively. From the fitting we extracted the values to be V0,AP→P = 0.44 V, t0,AP→P = 
1.2 ns and V0,P→AP = 0.48 V, t0,P→AP = 0.76 ns. The average critical voltage of 0.46 V 
corresponds to Ic0 = 120 μA (Jc0 = 5.9 × 106 A/cm2) using the channel resistance Rchan 
= 3.6 kΩ, which is consistent with our ramp rate results on the same structure. The 
short time scale t0 ~ 1 ns shows that these devices can be driven very fast and still 
switch reliably for both polarities. 
The fast switching combined with low switching current in our W-based 
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devices with Hf insertion layers achieve 0.2 pJ of write energy at ~ 1 ns operation 
speed, which is significantly lower than other emerging memory schemes, and is 
highly scalable compared to SRAM, making it very competitive as the future cache 
memory technology. Further reduction can be achieved by optimization of the channel 
design that reduces the channel resistance, thus lowering the energy cost of these 
devices to the fJ regime. 
 
Fig. 5. 19 Pulse switching phase diagrams of a W9 device annealed at 240 °C 
 
The characteristic time scale is much faster than predictions from the 
macrospin model. This is possibly due to the assistance from the large field-like torque 
observed in these structures. Aradhya et al. have shown that in Pt-based structures an 
in-plane Oersted field generated by electric current in the spin Hall channel helps to 
boost the short pulse switching since it is collinear with the in-plane anisotropy 
direction and always opposes the anisotropy at the beginning of the switching, which 
helps to effectively lower the energy barrier for the reversal68. While in the W case 
where the sign of the spin torque efficiency is opposite to that of the Pt, which should 
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make the Oersted field disadvantageous for the reversal, the field-like torque opposes 
the Oersted field and is sizable. From the ST-FMR measurements shown in section 5.4 
we can also extract the field-like spin torque efficiency ξFL = −0.0364 ± 0.005, which 
corresponds to an effective field −6.68 × 10-11 Oe/(A/m2) in the MTJ structure with a 
1.8 nm free layer, about three times larger than the Oersted field. This field-like torque 
overcomes the Oersted field and can assist the initial precession of the magnetization 
and lead to the fast reversal. 
To further show the high reliability of these devices, we carry out write error 
rate (WER) measurements at 2 ns pulse duration where WER = 1- Pswitch calculated at 
each voltage. Figure 5.20 shows that WER has a fast roll-off at higher pulse voltages 
and can achieve 10-6 with drive amplitude slightly larger than 3V0. Here each data 
point is the result of 106 switching trials. The results here are limited by the maximum 
voltage we can apply due to the poor quality of the protective oxide that breaks down 
above ~ 2.6 V. However, our WER shows high reliability of these devices and great 
promise for high endurance fast cache applications. 
 
Fig. 5. 20 WER measurement on a W9 device annealed at 240 °C. WER as low as 10-6 can be 
achieved for both switching polarities. 
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CHAPTER 6 
FAST AND RELIABLE SWITCHING IN PT85HF15 BASED IN 
PLANE MAGNETIC TUNNEL JUNCTIONS 
 
In this chapter we introduce our work on achieving highly reliable pulse 
switching in in-plane-magnetized MTJs with a Pt85Hf15 alloy spin Hall channel. We 
show switching behavior with different MTJ shapes and excellent write error rate 
below 10-6 regardless of the variation of the shapes. These results demonstrate the 
advantage of the low impedance, high efficiency Pt85Hf15 as the spin Hall material and 
pave the way for the application of three terminal SOT devices in memory hierarchy 
in the near future. 
  
6.1. Fast pulse switching using Pt85Hf15 alloy as the spin Hall channel 
Since the discovery of the spin Hall effect, people have strived to find 
materials with high spin torque efficiency and low resistivity to optimize the write 
energy of current induced switching10,15,71,97,102. While the heavy metal Pt is highly 
conductive with sizable spin torque efficiency, various studies on Pt have revealed 
different magnitudes of the spin torque efficiency and even have reported that 
different mechanisms are primarily responsible for the spin Hall effect103. Our group 
has studied Pt with varying resistivity which indicated that the intrinsic mechanism of 
spin Hall effect in Pt is dominant, in which case the spin Hall conductivity 
is the intrinsic property of the material12. With this mechanism the 
apparent spin torque efficiency directly scales with the resistivity of the material, 
which indicates an effective way of raising the spin torque efficiency by introducing 
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scattering sites in Pt. We have shown that with 15% of Hf (atomic ratio) doped in Pt, 
the resistivity increases to ~ 150 μΩ·cm and the highest spin torque efficiency of ~ 
23% can achieved13. Further switching experiments both in the thermally activated 
regime and in short pulse regime confirm that the Pt85Hf15 alloy is a more efficient 
spin Hall material than pure Pt, despite some discrepancy in the observed θSH between 
large scale structures and MTJs14. Here we further explore the short pulse switching 
behavior of Pt85Hf15 based MTJs with different device shapes. Reports have shown 
that in spin torque switching, the geometry of the sample can have a strong influence 
on the switching dynamics through intricate micromagnetic/domain 
configurations46,47,104, and can be potentially useful in improving the switching 
efficiency. 
The samples are prepared from a wafer grown by Canon Anelva, with the layer 
structures Ta(1)-Pt85Hf15(5)-Hf(wedge,0.25-0.35)-FeCoB(1.4)-MgO(RA=200)-
FeCoB(1.2)-Ta(0.2)-FeCoB(1.2)-FeCo(1)-Ru(0.85)-FeCo(2.5)-IrMn(7)-Ru(4) 
(Hereafter called “Canon4-7”). We designed devices with the same size of 190 × 45 
nm2 in a rectangle shape and a triangular shape on 300 nm wide channels. Typical 
field and DC current switching loops of these devices are shown in Fig. 6.1 for 
reference. 
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Fig. 6. 1 Typical field and current switching loops of Canon4-7 devices 
 
We then carried out short pulse switching experiments using the DAQ 
measurement system described in Chapter 4. Previous reports have shown that there is 
an asymmetry in the switching of the three terminal devices, which is explained by the 
strength of the reference layer pinning67. However, there could be more reasons why 
we see the asymmetry in our pulse switching experiments.  
I will first show an example device with switching phase diagrams and 
macrospin fitting to the whole duration range in Fig. 6.2(a) and (b), using the model 
described in Chapter 5. Although the macrospin model describes the general switching 
behavior well with reasonable fitting parameters, it has the largest discrepancy at the 
middle of the duration range since it tries to account for both the short pulse region < 1 
ns and long pulse region > 5 ns. Due to the sensitive nature of the switching behavior 
on the time scale, fitting to the same duration range (because the measurement is done 
with the same range) for P→AP and AP→P polarities can possibly be misleading 
because at certain pulse voltage the device could be driven in different regimes for 
different polarities based on their different V0’s. The different V0’s could be due to the 
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imperfection of the applied offset field, as discussed below, or other more intrinsic 
reasons possibly including the pulse induced tunneling current through the MgO 
barrier due to the low impedance path through the MTJ especially when RA product is 
low. This diverted current may assist the pulse switching through the STT mechanism 
in addition to the SOT switching from the SHE channel. As indicated by the green raw 
data points and the red imaginary curve in Fig. 6.2(c) and (d), if we shift one of the 
curves upward to account for the difference in V0, it is more reasonable to compare the 
behavior in two polarities since now they are driven in the same regime. We then try 
to fit the 50% probability data points in the range where the pulse amplitude is V0 ~ 
2V0. The choice of the range is based on numerous fitting tests that yield the best fit 
regardless of the V0 for each different device. While at the middle pulse durations the 
fitting lines coincide well with our experimental data, the fits in the long pulse regime 
and in the short pulse (high drive amplitude) regime deviate significantly from the 
macrospin model. At short pulses the device is driven with a high pulse amplitude, 
which could possibly induce complicated multiple domain nucleation procedure or 
larger assist from the tunneling current mentioned above.  This could lower the 
energy needed to switch the device. As the macrospin switching transitions from 
ballistic regime to thermally activated regime, it usually happens at a time scale far 
greater than nanosecond regime. However, due to the domain structures in these 
devices, the saturation of the critical voltage in the long pulse region could potentially 
move ahead into the nanosecond regime, which is consistent with our measured 
results. Figure 6.2(e) and (f) show the new fitting scheme that captures the switching 
behavior in the same regime driven in two polarities. 
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To show the validity of this new fitting method, we carried out a set of pulse 
switching experiments where we varied the offset field on the device and obtained two 
different sets of phase diagrams for two polarities, as shown in Fig. 6.3. For Fig. 6.3(a) 
and (b), an offset field of Hoff = - 17 Oe was applied to cancel the small dipole field on 
the FL by the RL. This offset field was obtained from DC current induced switching 
measurement where the applied field was adjusted to center the hysteresis loop about 
zero current. For this applied field there was a small imbalance of the V0 between the 
two pulse switching polarities, and the origin of this behavior is unclear at this 
moment. Figure 6.3(c) and (d) show the same switching experiments when we 
manually adjust the offset field towards favoring AP→P switching (Hoff = - 21 Oe). 
As a result, the AP→P curve is shifted downward which gives a smaller V0, and in 
this case reaches a good balance with the P→AP polarity. Although shifted vertically, 
the fitting of these curves using the adapted method shows almost the same t0’s, which 
confirms that as long as the device is driven in the same regime, we are able to 
separate the V0 and t0, and describe the switching behavior and asymmetry more 
reasonably. The validation here also indicates that these SOT devices are sensitive to 
the drive amplitude possibly due to the domain structure and nucleation procedure 
which, as suggested by micromagnetic modeling, strongly relies on the strength of 
initial kick which can drive the FL into non-uniform magnetization configurations.    
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Fig. 6. 2 A typical set of switching phase diagrams of a Canon4-7 device. (a) and (b) show 
macrospin fit to the whole duration range. (d) shows an imaginary shift of the pulse curve 
upward for P→AP polarity which makes it look less asymmetric from AP→P in (c). (e) and (f) 
show the new fitting scheme that captures the same V0~2V0 regime for both polarities, 
regardless of the V0 in each polarity. White dashed lines are guide to the eyes. For these 
devices, the V0~2V0 regime usually falls into 0.5 ns ~ 3 ns region. 
(a) (b) 
(c) (d) 
(e) (f) 
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Fig. 6. 3 Switching phase diagrams of a Canon4-7 device with different offset field. (c) and (d) 
have an offset field of 4 Oe greater than (a) and (b), which effectively adjusted the symmetry 
of the two polarities. The new fitting scheme yield almost the same results regardless of the V0 
change. 
 
Using this fitting method, we looked at MTJ devices with rectangle and 
triangle shapes. Table 6.1 summarizes the extracted switching voltages and time scales 
from the different shapes. From the symmetry analysis, the up and down triangles 
relative to the channel direction should be accounted for when the current polarity 
changes, if we assume a uniform channel and ideal positioning of the pillar on the 
channel. Thus the results shown in the table, which is averaged over three devices of 
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each type, indicate that the triangular shapes can be switched as fast as the rectangle 
devices in both polarities with slightly smaller t0’s.  
 AP→P  P→AP 
 V0 t0  V0 t0 
Rectangle 0.327 0.783  0.270 0.787 
Up Triangle 0.377 0.703  0.303 0.750 
Down Triangle 0.363 0.697  0.287 0.780 
Table 6.1 Critical switching voltage and time for MTJ devices with different shapes. 
Devices are kept at the same nominal area. Data shown is averaged over three devices 
of each type. 
 
The distinct switching behavior at ultra-short pulse regime and medium 
duration regime may be the result of slightly different reversal mechanisms. Thomas et 
al. have reported that two-terminal spin transfer torque induced switching has two 
different aspects105. The first is “propagation” which refers to a sharp increase of 
switching voltage at a short time scale and nucleation which refers to a more gradual 
decrease of switching voltage at longer time scales. Although our switching time 
scales are significantly shorter than studied by Thomas et al., it could be that at high 
drive amplitude multiple domains are nucleated quickly and the propagation of the 
switched domain governs the switching time scale. However, at lower pulse amplitude 
the switching is slower because first the energy barrier for nucleation of a single (or 
few) sub-domain(s) has to be overcome, which is then followed by the subsequent 
propagation of the domains.    
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6.2 Highly reliable SOT switching at short pulse durations 
For this new memory technology to be applied in industry, we need to 
demonstrate both a high speed of operation and highly reliable switching, since both 
are crucial considerations106. Different from STT-MRAM where the writing and 
reading pulses proceed through the same path, SOT devices do not suffer from 
endurance issues due to tunnel barrier wear/out or break-down or from the read 
disturbance, which leaves as the only reliability parameter the write error rate in 
device writing. We have shown in the previous section, that the short pulse switching 
remains fast and energy efficient when there is some variation of the shapes, which is 
a positive indicator for manufacturability. Here we check the reliability of these 
devices with different shapes by doing the write error rate (WER) measurement at 
various pulse durations. Figure 6.4 shows rectangle devices in black color, triangular 
devices in red and blue colors, with pulse durations at 1 ns and 500 ps. The steep 
decrease of the WER at the higher pulse amplitudes for the different shapes and pulse 
durations demonstrates the high reliability of the three terminal SOT devices for fast, 
reliable technological applications. My current results are limited by the highest pulse 
amplitude I can apply to the device due to the poor quality of the insulator around 
MTJ pillars, which should be readily improved in an industrial fabrication process. 
The small difference of WER behavior with different shapes also indicates that there is 
a high tolerance in lithography and/or ion beam etching in the device patterning, 
which again indicates good prospects for reasonable manufacturing margins.   
 91 
 
Fig. 6. 4 Write error rate measurement on different shapes at different pulse durations. WER 
has a steep decrease at large pulse amplitude regardless of the shapes and can reach 10-6 for 
both P→AP and AP→P polarities. 
 
In the previous section, I had discussed the asymmetry of the two switching 
polarities and one of the possible reasons behind this phenomenon. Interestingly, by 
varying the offset field, I also observe a small difference in WER behavior as shown 
by Fig. 6.5. As is discussed above, by varying the offset field applied during the 
experiment, we can tune the V0’s of two polarities and achieve almost the same critical 
voltage for switching in both directions. However, as the WER results are plotted 
against V/V0, which in theory removes the dependence on the actual V0, the WER 
shows a small transition from favoring AP→P (left branch, lower WER with blue 
data) to favoring P→AP (right branch, higher WER with blue data) as the field 
decreases from -21 Oe to -17 Oe. These results indicate that the external field has an 
extra effect on the switching dynamics besides tuning the critical voltage (current) 
which is simply shifting the current induced loop horizontally, making it favor AP→P 
or P→AP (see Fig. 6.1(b)). Note that the difference of the applied field is only 4 Oe, 
far less than the offset field needed to balance the two polarities. This effect is 
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possibly caused by the external field modifying the micromagnetic configuration of 
the device during the switching and could be more pronounced if the variation of the 
field is larger. Further exploration of this effect could potentially give more insights to 
our understanding of the SOT switching. 
 
Fig. 6. 5 WER measurement on a Canon4-7 device with slightly different offset field. As the 
field is tuned, the switching transitions from favoring one polarity to the other. 
 
Finally I tried to confirm the reliability of our SOT devices with a different 
wafer Canon4-3 which has the following stack structure  Ta(1)-Pt85Hf15(4)-Pt(1)-
Hf(0.3)-FeCoB(wedge,1.3-1.6)-MgO(RA=200)-FeCoB(1.2)-Ta(0.2)-FeCoB(1.2)-
FeCo(1)-Ru(0.85)-FeCo(2.5)-IrMn(7)-Ru(4). We carried out WER measurements on 
devices of size 190 × 75 nm2 on 300 nm wide channels. Figure 6.6 show WER of two 
devices with the same nominal design. Similar behavior with WER ~ 10-5 down to 200 
ps pulse duration indicates that these SOT devices are very reliable in very short pulse 
switching, demonstrating the high feasibility of utilizing these structures in future 
cache memory applications. Note that these results are obtained using a pulse 
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generator that has distorted pulse shapes at pulses shorter than 1 ns, which slightly 
over-estimated the speed of the switching in these devices (see Chapter 4 for pulse 
shape comparison with different pulse generators). However, our results still show 
large improvement of the switching efficiency and reliability over other emerging 
memory technologies.  
 
 
Fig. 6. 6 WER measurements on two different samples with the same nominal design, 
showing reliability of these SOT devices with WER ~ 10-5 down to 200 ps pulse duration. 
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CHAPTER 7 
VARIOUS NOVEL SWITCHING PHENOMENA IN IN-PLANE 
MAGNETIZED MAGNETIC TUNNEL JUNCTIONS 
 
In this chapter I will briefly introduce a few novel considerations that could be 
affecting the detailed behavior of our 3T-MTJ devices. As I showed in the previous 
chapters the macrospin model that I use to describe spin-orbit-torque (SOT) switching 
serves as a good, first order description of these devices but is possibly neglecting 
some important micromagnetic details that may affect the short pulse switching 
behavior. By varying the size of the MTJ bits, engineering the profile of the pillar 
shape, and studying the MTJs with the magnetization collinear with injected spin 
polarization, I have attempted to develop some more insight into the details of SOT 
switching and its applications. 
  
7.1. Size and shape dependence of the switching current of in-plane magnetized 
MTJs 
For SOT switching of in-plane MTJs, as discussed in Chapter 5, the macrospin 
model predicts a zero-temperature critical current density 
 0 0
2
( / 2) /c s FM c eff DL
e
J M t H M  = +  (11) 
where e is the electron charge, ħ is the reduced Plank constant, μ0 is the permeability 
of free space, Ms is the saturation magnetization of the free layer (FL) and tFM is the 
FL’s effective magnetic thickness, Meff is the FL’s effective demagnetization field, 
and α is the effective magnetic damping constant of the FL. We notice that the 
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switching current density is proportional to the thickness of the FL but is not 
dependent on the area of the FL. This can be understood from the macrospin 
perspective that the total moment of the FL scales with the area of the FL, and the 
amount of the spin current that is injected through the HM/FL interface scales with the 
area of the FL in the same manner. Thus as long as one uses the same HM/FL system, 
the switching current density should not scale with the size of the FL. However, many 
works have shown that complicated micromagnetic dynamics exists and can greatly 
influence the switching behavior in the MTJs67,68,104. Due to the limitations of the 
fabrication tools, it is evident that our MTJ pillar profile does not have sharp edges at 
the FL-channel corner. This tapering effect at the edges of the FL, as shown in the 
transmission electron microscopy (TEM) image in Fig. 7.1, leads to an increased 
contact area between the FL and the spin Hall channel, and could potentially change 
the magnetization configuration of the FL too39. Here we vary the lateral size of our 
MTJs in our design and try to explore the dependence of the critical switching current 
on the MTJ size.      
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Fig. 7. 1 TEM image of an MTJ showing the cross section of the pillar with elements denoting 
materials in each layer. Instead of a sharp profile, a long tail of ~ 20 nm long at the bottom of 
the MTJ is observed, which causes the actual FL aspect ratio to be smaller than designed. 
 
To do this series of switching experiments, I fabricated an MTJ stack grown by 
Canon Anelva, with the layer structure Ta(1)-Pt(5)-Hf(0.3)-FeCoB(1.4)-
MgO(RA=50)-FeCoB(1.2)-Ta(0.2)-FeCoB(1.2)-FeCo(1)-Ru(0.85)-FeCo(2.6)-
IrMn(7)-Ru(4) (hereafter called “Canon5-5”). Before patterning, the wafer was pre-
annealed at 360 °C for 1 hour in a magnetic field of 1 T parallel to the longer axis of 
the to-be-patterned devices. I designed a series of devices having the sizes of 220 × 
86, 210 × 82, 200 × 78, 190 × 74, 180 × 70, 170 × 66, 160 × 62 (dimensions in 
nanometers) on 300 nm wide channels. The size decreased within a die from the top 
(row1) to the bottom (row7). I first confirmed that the variation of the sizes was 
qualitatively consistent with my design after the full patterning. Figure 7.2 shows the 
MTJ resistance at each row within the die, with red points showing the AP state and 
black points showing the P state. 
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Fig. 7. 2 MTJ resistances at different sizes. Row 1 denotes the largest size 220 × 86 nm2 and 
row 7 the smallest 160 × 62 nm2. 
 
A monatomic increase in the MTJ resistance with the row number for both P 
and AP states is seen. As the resistance-area (RA) product was kept constant across 
the wafer at 50 Ω·μm2 as determined by the MgO tunnel barrier growth, the increase 
in MTJ resistance indicates the decrease in the MTJ area (size), consistent with our 
design. Note that Fig. 7.2 is a representative result of the size-varying design and other 
dies behave qualitatively the same way with minor differences in the baseline MTJ 
resistance. 
I then carried out current switching measurements including ramp rate 
measurements to obtain the zero-temperature critical current of each MTJ size. Plotted 
in Fig. 7.3 is the trend of Ic0 at different sizes. Each point on the plot is the averaged 
critical current from P→AP and AP→P polarities, and this number is averaged over a 
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couple devices with the same nominal size.  
 
Fig. 7. 3 Zero-temperature critical current in MTJ devices with different sizes ranging from 
largest in row 1 to smallest in row 7. 
 
From the data we see a clear decrease (~ 40%) of Ic0 when the device size was 
decreased, although at the largest size the current was also slightly lower. As discussed 
above, this size dependence of the Ic0 is not expected from the macrospin model of the 
switching and is likely related to the tapering of the FL edges in two ways. First, due 
to the taper there is a larger contact area between the FL and the HM which increases 
the amount of spin current injected into the FL compared to the ideal geometry. Also, 
because the top of the FL is closer to the designed size, we gain the advantage of 
larger spin current input and switch the device more efficiently. As the size of the 
device increases the taper naturally stops due to the limitation of the channel width 
and we get less advantage of the extra spin current injection, as shown by Fig. 7.4(a). 
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Second, as You el al. have indicated, the wedged shape at the edge of the FL could 
potentially induce an anisotropy that tilts the end somewhat out-of-plane39 (Fig. 
7.4(b)). Based on the switching model, the magnetization is excited to precession 
around the demagnetization field by the spin torque until the energy needed to switch 
across the saddle point is reached. With a larger volume of the FL that has the 
magnetization tilted somewhat out-of-plane initially, less energy is needed to activate 
the switching, resulting in smaller switching current. The decrease of the Ic0 at the 
largest size could potentially be due to certain micromagnetic configurations that make 
the switching enter a different regime, which reduces the switching current. More data 
is needed to explore the switching behavior for devices with larger sizes but still 
confined on a narrow channel. 
The decrease of Ic0 at smaller MTJ sizes is advantageous for application as it 
improves the scalability of our devices. As the spin Hall channel is narrowed down for 
smaller devices, the switching current will decrease given the same switching current 
density. If the switching current density also scales with the size of the memory bit, we 
could potentially get a further reduction in write energy, which makes this approach 
promising for high density, low power memory applications.   
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Fig. 7. 4 Possible explanation for the Ic0 decrease with smaller MTJ sizes. (a), Larger devices 
has a smaller tapered area due to the limitation of the channel width. (b), Tapered region has 
tilted magnetic anisotropy, which helps the activation of the magnetization precession and 
switching. (Part (b) reproduced from Ref. 4) 
 
Next, we describe another set of experiments that show new switching 
behavior that cannot be explained by the macrospin mechanism. As indicated from 
above, the area of the MTJ can significantly change the critical switching current, 
which is possibly explained by a micromagnetic configuration that leads to domain 
nucleation, expansion and propagation. This leads to the question of whether the 
geometrical shape of the devices can affect the switching behaviors. To explore that I 
designed a series of MTJ pillars with the same nominal area of 190 × 75 nm2, but with 
different shapes, namely rectangle, triangle, dumbbell and diamond, shown by the 
SEM images in Fig. 7.5. The MTJs are fabricated on 300 nm wide channels with the 
stack structure Ta(1)-Pt85Hf15(4)-Pt(1)-Hf(0.3)-FeCoB(wedge,1.3-1.6)-
MgO(RA=200)-FeCoB(1.2)-Ta(0.2)-FeCoB(1.2)-FeCo(1)-Ru(0.85)-FeCo(2.5)-
IrMn(7)-Ru(4) (hereafter called “Canon4-3”). The devices measured are un-annealed. 
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Fig. 7. 5 SEM images showing various shapes of the MTJ pillars with the same nominal area. 
(a), regular rectangle (b), triangle (c), dumbbell (d), diamond (Note that (d) has a different 
scale from the other three images. Yellow lines are channel contours as guide to the eyes.) 
 
I carried out switching experiments on these various shapes and I summarize 
the results in Fig. 7.6. The numbers shown are averaged over a few devices for better 
statistics. First, notice that due to the wedged CoFeB free layer, the switching current 
on the left-hand side of the wafer is smaller than on the right mainly because of the 
lower Meff of the FL due to the FL thickness variation across the wafer. From the FMR 
measurement taken on the un-patterned chips in the vicinity of the corresponding dies, 
we estimate that the Meff ~ 2750 Oe for column 2 and 4220 Oe for column 7. The 
current reduction due to this decrease in Meff is consistent with our macrospin analysis 
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in Chapter 5. Next, we compare devices within column 6 and column 7. We find that 
the triangular devices have slightly smaller Ic0 than the rectangle devices within 
column 6, which has the same Meff. In column 7, the dumbbell devices have a slightly 
larger Ic0 than the rectangle devices, and the diamond devices have a 20% smaller Ic0 
than the rectangle devices. These results indicate that having a pointy tip at the end of 
the MTJ pillar can help reduce the critical current compared to having a large end of 
the pillar. This could possibly be explained by domain nucleation happening more 
easily with a smaller end of the pillar serving as a nucleation spot. Reports have also 
shown that the magnetization at the edge of a nanomagnet tends to align perpendicular 
to the edge107, so in the triangular tip the magnetization could have more curling which 
would reduce the energy for nucleation. Thus with the small tips on the ends it is 
easier to nucleate a larger area of the domain which makes the switching more energy 
efficient. Based on these analyses, the switching current is mainly dominated by the 
initial stage of the spin current injection, which makes the diamond shape the most 
energy efficient geometry.  
Furthermore, we confirm the results by plotting all the devices on the same 
plot (Fig. 7.7), with the horizontal axis defined as the MTJ resistance in the P state. 
Due to imperfection in the fabrication, we can get devices with slightly varying 
resistances (actual sizes) although they are designed to have the same nominal size. 
When we plot all the nominally identical devices on the same graph, we see an 
upgoing trend of Ic0 at lower P resistances (in other words, larger device sizes), which 
qualitatively follows the results and analysis from the first part of this section. Besides 
that, we see a clear difference between rectangle devices and diamond devices, with 
 103 
diamond devices having ~ 20% smaller Ic0 than rectangle devices. 
 
Fig. 7. 6 Comparison of the critical switching current in various shaped MTJs with the same 
nominal size. 
 
We also notice that the dumbbell devices, as shown in column 7 of Fig. 7.6, 
have the largest Ic0, which, from another point of view, confirms that the geometry for 
the domain nucleation is critical62. From the averaged results, there is also a slight 
trend of thermal stability reduction in the geometries with sharp ends, which could be 
due to these special shapes having a weaker shape anisotropy, which results in the 
lower Hc, thus reducing the energy barrier for the switching. However, for room 
temperature (and/or low temperature) applications, Δ of 80 is higher than needed, 
which means that by changing the shapes we reduce the excessive Δ but gain the 
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advantage of lower switching current in these in-plane magnetized MTJs.  
 
Fig. 7. 7 Comparison of rectangle and diamond devices with slightly varying sizes. 
 
7.2 Switching of MTJs with an easy axis parallel to the spin Hall channels 
In the current SOT switching scheme, the MTJs are placed on the spin Hall 
channel with the longer axis perpendicular to the current flow direction in the channel 
to utilize the anti-damping torque from the spin current. Some argue that an obstacle 
for scaling down these three terminal MTJs is the high aspect ratio of the pillars 
needed to provide the coercivity and thus the thermal stability Δ of the device, 
although the three terminal, two transistor aspect of the device is the largest 
contributor to the device footprint. To have high enough Δ, the longer axis of the 
pillars needs to be 3 ~ 4 times of the shorter axis, depending on the fidelity of the ion 
beam etching (degree of tapering) and this places a limit on the width of the narrowest 
channels one can make. One alternative switching scheme32 is to place the longer axis 
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of the MTJ pillars parallel to the spin Hall channel so that we can scale down the 
channel to just the width of the MTJ pillars, which in our current design, could 
potentially be less than 50 nm wide. However, due to the directions of the torques 
created by the spin current, in this scenario the switching is driven by the effective 
field exerted by the incident spin current rather than by the anti-damping torque.  In 
that case, similar to the SOT switching of a PMA device, an external field is required 
to break the symmetry and give deterministic switching32. In this in-plane magnetized 
case the bias field has to be out-of-plane rather than in-plane as for the PMA device.  
In this section, I will introduce my recent work on designing and measuring MTJs 
with this “orthogonal” or x-type geometry.   
I show a typical device of size 190 × 45 nm2 on a 300 nm channel with the 
Canon4-3 film structure. Field switching minor loop and current switching loops are 
shown in Fig. 7.8. The square, abrupt switching of the FL by external field is similar 
to the regular, “collinear” devices which have the injected spin polarization collinear 
with the easy axis direction. Although the orthogonal devices may have a different 
tapering situation as the geometry is rotated by 90° compared to the collinear devices, 
they show robust coercive field of ~ 50 Oe. When we apply an electric current along 
the channel and an external field in the z direction of ± 1200 Oe, we observe switching 
of the FL in two opposite polarities unique to the direction of the external field, as 
shown by the red and blue data in Fig. 7.8(b). Different from a previous report32, a 
large field (≥ 500 Oe) is required to generate clean two-way switching in these 
devices. At smaller field, we either do not observe the switching or the switching is 
partial or non-abrupt. 
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Fig. 7. 8 Field switching minor loop and current induced switching with out-of-plane external 
field in an orthogonal device. 
 
We then try to apply the external field with different magnitudes and observe 
how the switching behavior changes with field. Surprisingly, we see a continuous 
change of the current switching loops which gives larger current as the field is 
decreased even below the threshold field we mentioned above. As we reduce the field 
to zero (magenta, dashed line) and even reverse the direction (black line) as shown in 
Fig. 7.9, we still obtain full switching of the FL, which does not follow the simple 
symmetry analysis. I conclude that there is a history effect in this special geometry 
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which is not observed in the collinear type devices. It is possible that due to the large 
z-direction field we apply during the initial switching, some magnetic domains are 
trapped in an excited energy state that helps the next switching attempt with a lower 
external field. This could explain the fact that we observe zero-field switching when 
we gradually decrease the external field while no zero-field switching can be observed 
if we start the switching attempt with a new device on the same chip without first 
ramping up to high fields. Another point that is worth attention is that in these 
structures with a FL of 1.4 nm, the in-plane anisotropy, Meff is on the order of 3000 
Oe, which is only about three times higher than the external field that we apply. Thus, 
the applied field could be of significant influence on the current induced switching. 
For example, in Fig. 7.8(c) where an external field of ±1300 Oe is applied, the current 
switching loop for one polarity of the out-of-plane bias field shrinks to zero hysteresis, 
and both switching steps, P to AP and AP to P, happen on the same positive current 
side. This could be due to the applied field being too strong that interferes with the 
effective field from the spin current to switch the FL. 
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Fig. 7. 9 Current induced switching in an orthogonal device with different applied external 
field. The device can be switching at zero field and even at opposite field that would otherwise 
give switching in an opposite polarity. 
 
As I have shown in previous chapters, the MTJs with collinear geometry show 
sub-nanosecond switching with high reliability. I tried to explore the pulse switching 
behavior of these orthogonal devices and compare it to their collinear counterparts. As 
an example I show results from a device of size 190 × 45 nm2 on a 300 nm channel, 
with an applied field in the positive z direction Hz = 1000 Oe. Figure 7.10 shows the 
switching probabilities for two polarities P→AP and AP→P with various pulse 
amplitudes and durations. With this large external field, we observe a fast rise of 
switching probability of both polarities especially for P→AP. Consistent with the 
change of current switching loops under different fields, the pulse switching behavior 
also shows some field dependence, which is shown in Fig. 7.11 with Hz = -1200 Oe, -
1000 Oe and -900 Oe. When the field is decreased, the low pulse amplitude 
performance starts to degrade, which indicates that the threshold for switching has 
 109 
increased, similar to the increased switching current in the DC measurements. These 
results show that the orthogonal devices can be switched fast and efficiently with large 
applied field, provided that this bias field it is not too large to interfere with the 
micromagnetic dynamics during the switching process. 
 
Fig. 7. 10 Pulse switching probability of an orthogonal device (190 × 45 nm2) with an applied 
external field Hz = 1000 Oe. 
 
 
Fig. 7. 11 Pulse switching behavior of an orthogonal device with different applied z field. 
 
I extracted the characteristic switching time and critical switching voltages 
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from the orthogonal device discussed above and compared to a collinear device 
fabricated on the same wafer with the same dimensions. In Fig. 7.11 we plot the data 
on the same graph with red curve showing the behavior of orthogonal device and the 
blue curve showing the behavior of the collinear device. At the longer time scales the 
switching voltage for both types of the devices is inversely proportional to the 
switching time as predicted by the macrospin model. However at shorter time scales 
both types show a critical voltage scale that is smaller than the prediction of the 
macrospin model. The orthogonal devices are more efficient in the shorter time scale 
compared to the collinear ones, which is similar to the results reported by Fukami et 
al.32 However, further study is needed to explain the discrepancy of the reported 
external field scales required to assist the deterministic switching. A key question is 
whether this requirement for a bias field for the orthogonal devices can be eliminated, 
or at least greatly reduced, while still achieving reliable, fast switching with this 
geometry. At this point the history effect that I have observed in my version of these 
devices indicates a potential problem with non-uniformities due to magnetic hysteresis 
that, until eliminated, could be a major obstacle for reliable applications of this device 
approach.   
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Fig. 7. 12 Comparison of fast pulse switching characteristics between orthogonal devices and 
collinear devices. 
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CHAPTER 8 
CONSTRUCTION OF HIGH FREQUENCY LOW 
TEMPERATURE MEASUREMENT SYSTEM AND THE 
SWITCHING BEHAVIOR OF MTJS AT LOW TEMPERATURES 
 
In this chapter I will describe the set-up of a high frequency, low temperature 
measurement system and some switching behavior of our MTJs both in the thermally 
activated regime and the short pulse regime. 
 
8.1 High frequency low temperature measurement system and its operation 
Besides room temperature applications, there can also be rich physics in spin 
orbit torques at low temperatures, and spin torque SHE devices can possibly be 
beneficial to low power, exascale cryogenic computing. In order to probe the 
switching behavior of the MTJs at below room temperature, a new measurement 
system based on an existing Janis continuous flow cryostat was designed and 
constructed. It supports high frequency (GHz) probing of the MTJ switching as well as 
DC and FMR measurements. The constructed sample positioner that is inserted into 
the cryostat is shown in Fig. 8.1. 
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Fig. 8. 1 A picture showing the details of the high frequency sample positioner for low 
temperature measurements 
 
There are two RF SMA type connecters are secured by two sets of nuts on the 
top plate of the sample positioner. They are connected to the bottom sample stage 
through two regular RF cables. To prevent the cables from oscillation and motion 
during the cooling, four circular Delrin baffles are placed at even distance from the top 
to the bottom (Fig. 8.2). The baffles have two holes on the edges where the two steel 
rods can go through as the support of the sample positioner. There are two groves cut 
into the baffles where the RF cables fit in. The baffles are oppositely oriented to each 
other so that the opposite direction of the groves give steady support to secure the 
cables in place. The position of the baffles along the vertical direction can be adjusted 
by turning the low profile nuts up and down to allow for better positioning of the 
cables.  
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Fig. 8. 2 Delrin baffles used to hold RF cables in place 
 
At the bottom of the sample positioner a customized sample holder is designed 
and machined using the same material Delrin (Fig. 8.3). In the center of the sample 
holder sits a high frequency gold plated waveguide, which is secured by brass screws 
and nuts. It is critical to use non-magnetic material to reduce any possible interference 
on the measurement. Two SMPM connectors are soldered onto the waveguides rigidly 
using solder paste with subsequent heating. They are connected to the RF cables 
through SMA to SMPM adapters on the end of the cables. There are various types of 
waveguides with different hole sizes in the middle for different sizes of the samples. 
The FMR waveguide does not have a hole since it does not require electrical contact 
from the sample to the waveguide.  
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Fig. 8. 3 Sample holder and various waveguides for high frequency measurement 
 
The waveguides are designed for improved signal transmission at low 
temperatures. The transmitted signal, S21, has less than 10 dB loss in the frequency 
range we usually carry out our experiments and there is less loss at low temperature 
than at room temperature (Fig. 8.4). 
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Fig. 8. 4 Transmitted signal at room temperature and low temperatures at different frequencies 
 
The sample of interest is placed in the hole of the waveguide and secured using 
double sided tapes. In the case of the FMR measurement, the sample is placed upside 
down with the magnetic stack facing downward and four corners glued down on the 
waveguide using cement glue. The devices on the sample are wire bonded to the 
corresponding signal and ground lines of the waveguide using a West Bond 747630E 
wire bonder. A typical bonding schematic for an MTJ sample is shown in Fig. 8.5. 
Note that the MTJ device is exaggerated in size for clarity of the illustration. During 
wire bonding it is crucial to ground the sample to avoid static charge destroying the 
device. 
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Fig. 8. 5 Bonding diagram for MTJ samples on high frequency waveguides 
 
To use the measurement system, we take a liquid helium dewar and use a 
transfer line to transfer helium into the cryostat through an extended helium inlet. Two 
temperature sensors are connected to the temperature controller (Lakeshore 332). One 
GaAlAs sensor A is built in on the vaporizer stage which is at the bottom of the 
cryostat where liquid helium comes down and is vaporized by the heater on the same 
stage. Typically, we control the temperature of the system using the feedback from 
sensor A since it is next to the heater and can be more easily tuned. The other Cernox 
sensor B is inserted on the sample holder beside the waveguide. This is the sensor that 
measures the temperature of the sample more accurately due to the closer distance. 
Both feedthroughs for the sensors are located on the top part of the cryostat with the 
same type of the connectors. Two helium recovery lines are inserted into the top of the 
cryostat and the helium dewar to collect helium for re-process and re-use. When 
inserting the transfer line into the helium dewar, the pressure inside the dewar will 
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increase due to vaporization of the helium inside the dewar. Usually a pressure of ~5 
psi is enough to pump liquid helium into the cryostat and no high-pressure helium gas 
is needed to assist. The cooling efficiency increases at lower temperatures so as soon 
as we get the transfer to go at the beginning, it will be good for the rest of the 
measurement. There is a needle valve on the transfer line that is used to control the 
amount of the helium flow into the cryostat. We need to keep the flow steady and not 
so fast in order to protect samples from flying out from the waveguide. At the end of 
the measurement we release the excess pressure in the dewar through the recovery line 
and pull out the transfer line at relatively low pressure (1~2 psi). 
 
8.2 Field switching behavior and DC current induced switching at low 
temperatures 
First I studied the field switching behavior of the MTJs grown at Cornell using 
the AJA sputtering system. The stack structure was as follows, Ta(1)-Pt(5)-Hf(0.5)-
FeCoB(1.6)-MgO(1.6)-FeCoB(2.4)-IrMn(10)-Hf(1)-Ru(4) (numbers in parentheses 
are thicknesses in nanometers, the stack is hereafter called “IrMn-pinned sample”). 
The 10 nm IrMn is an antiferromagnetic pinning layer, which, by thermal annealing, 
can lock the thick FeCoB reference layer in place (under small applied field) and thus 
allows the reversal of the free CoFeB to achieve P and AP states of the MTJ. The 
samples are annealed in a vacuum furnace at 275 °C for 1 hour. In Fig. 8.6, we show 
major magnetic loops done on an example device with temperatures from room 
temperature to 100 K. 
 119 
 
Fig. 8. 6 Major magnetic loops of an IrMn-pinned sample from room temperature to 100 K 
 
As indicated by the MTJ resistance scale, both the P and AP resistance 
increases and with a larger increase in AP state, the TMR increases from 44% to 57%. 
The increase is consistent with results reported on similar MgO-based MTJs27,108–111.  
At 285 K, due to the relatively strong pinning, the two abrupt reversals at negative 
fields show the switching of the free layer while the gradual switching on the positive 
field side shows rotation of the reference layer with external field until a point where 
the applied field overcomes the exchange field and reverses the reference layer.  
As the temperature decreases, we can see the widening of the loop on the 
positive field side as well as the appearance of abrupt reversals for the reference layer, 
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which indicates that the pinning is gradually lost at lower temperatures. Although 
exchange coupling has been shown in many systems to increase with lower 
temperatures112,113, it could be sensitive to film roughness due to its interfacial nature. 
When the temperature further decreases, as shown in Fig. 8.7, the TMR keeps 
increasing as expected, while the magnetic pinning keeps getting worse. The measured 
curves are repeated twice to show reproducibility. Moreover, non-uniform states start 
to show up which is manifested by the increasing curvature before the abrupt 
switching of the free layer and intermediate resistance states during the reference layer 
reversal. These behaviors are likely due to the poor film uniformity and defects in the 
magnetic layers, which are less frequently seen in devices grown in a Canon Anelva 
tool (discussed in the next part). 
 
Fig. 8. 7 Major magnetic loops of an IrMn-pinned sample from 40 K to 5 K 
 
Apart from the changing behavior of the reference layer (pinning layer), we 
observe a change in the free layer behavior too. Figure 8.8(a) shows a comparison of 
minor magnetic loops at different temperatures, which shows the free layer reversal 
and gives coercive field at different temperatures. As expected from a thermal 
activation model, the apparent coercive field, which is mainly governed by the shape 
anisotropy in the amorphous FeCoB layer, increases as the temperature decreases. 
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This is consistent with results reported on various magnetic structures with both in-
plane and out-of-plane anisotropy114–116. A single domain model has been raised to 
explain the increase in Hc at lower temperatures, predicting , 
where Hc0 is the coercive field at 0 K, and Tb is the blocking temperature
114,117. 
However, in our systems the increase is also possibly due to the thermal fluctuation 
being frozen out at lower temperatures, suppressing the random domain nucleation at 
lower external field, which would rather give a smaller switching field. At lower 
temperatures, the observed Hc approaches the intrinsic anisotropy field of the in-plane 
magnet.  
 
Fig. 8. 8 Minor magnetic loops of an IrMn pinned sample at low temperatures 
 
I found that at very low temperatures (≤10 K), the CoFeB free layer can be 
trapped in some intermediate state where the P state resistance is higher, and the 
hysteresis loop seems distorted (Fig. 8.8(b)). This is again likely related to the non-
uniform property of the magnetic layers that causes domain reversal to be sporadic and 
history-dependent. 
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Next, I show current switching behaviors of this MTJ structure at various 
temperatures. As indicated in Fig. 8.9, DC current needed to switch the free layer 
starts with a small value of around 100 μA due to the small coercive field at close to 
room temperature. Then it starts to increase almost linearly as the temperature 
decreases. However, the increase of the Ic slows down at below 50 K and almost 
reaches a steady value of around 950 μA at below 10 K. In Fig. 8.9(b) we show the 
change of 2Hc (full hysteresis loop width) and Ic with the change in the temperature. 
Although the coercive field increases continuously with lower temperatures, the 
switching current saturates below 10 K. The initial increase in the switching current is 
due to the larger energy barrier to overcome caused by increased coercive field and 
meanwhile suppressed thermal activation. However, as it reaches very low 
temperatures the current needed to switch the free layer becomes high, which 
effectively induces much more heat in the sample due to current flowing in the 
channel. This current induced heating raises the temperature to above the measured 
temperature and thus causes thermal fluctuation to become dominant again, giving a 
saturation-like behavior.  
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Fig. 8. 9 DC current induced switching of an IrMn pinned sample at various temperatures 
 
To gain more insight into the low temperature behavior of the Pt-based MTJs, 
we patterned a different stack structure grown by Canon Anleva with full SAF and 
IrMn pinning layers. The structure is as follows, Ta(1)-Pt(5)-Hf(0.7)-FeCoB(1.6)-
MgO(RA = 800 Ω·μm2)-Pinned Reference Layer-Capping Layers. The device is a 
large device with nominal size of 390 × 110 nm2 and is annealed in an air furnace at 
360 °C for 1 hour (Hereafter called “Canon Large 1”). Due to the optimized MgO 
crystallization developed by Canon, the TMR is significantly higher in these samples, 
reaching 160% as shown by Fig. 8.10(a). The temperature dependence of TMR is 
qualitatively consistent with the calculation based on the Bloch model that predicts a 
T3/2 dependence of magnetization Ms
109–111. Similar to IrMn-pinned samples, Canon 
Large 1 also shows a monatomic increase in coercivity as temperature decreases (Fig. 
8.10(b)). The critical current also shows a dramatic increase at the beginning of the 
cooling but saturates below 200 K, where the current reaches 1.07 mA.  
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Fig. 8. 10 Temperature dependence of TMR, coercivity and switching current of a Canon 
Large 1 device 
 
The saturation of the switching current due to heating can be qualitatively 
confirmed by measured channel resistance change at different temperatures. Figure 
8.11 shows that the channel resistance of the device decreases as temperature goes 
down, as expected from an electron-phonon scattering picture of metal resistivity. 
However, as the temperature keeps decreasing, the curvature of the channel resistance 
vs. I increases, which indicates that at lower temperature, the resistivity is more 
sensitive to the applied current in the channel, which, in other words, indicates that 
heating is more apparent at lower temperatures. At maximum applied current, the 
resistance of the channel, nominally at 4 K, can reach the steady value equivalent to a 
temperature of ~ 150 K (red data) - slightly lower than the saturation temperature of 
the Ic observed in Fig. 8.10 (b). The slight difference is likely due to the constant 
heating in the switching experiments where we sweep the current a few times, thus 
further increasing the device temperature. 
Note that in these Canon samples, due to better uniformity and strong IrMn 
pinning, the major loops remain clean without the distortions seen in Cornell grown 
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devices. Figure 8.12(a) shows a comparison of the major loops at four different 
temperatures, while Fig. 8.12(b) shows the minor loops indicating the increase in Hc at 
lower temperatures. The minor loops show an asymmetric expansion of the hysteresis 
loop where coercive field increases more in the dipole field direction. This is 
consistent with the behavior of the major loops in the negative field region where the 
reference layer is rotated by the large external field. From the larger saturation field at 
lower temperatures, it is evidenced that the pinning (exchange coupling) gets stronger 
at lower temperatures with the Canon stack, which may strengthen the dipole field 
from the reference layer to the free layer, causing the minor loop to expand more in 
one direction. 
 
Fig. 8. 11 Channel resistance of the Canon Large 1 sample at various cryogenic temperatures 
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Fig. 8. 12 Major (a) and minor (b) loops of a Canon Large 1 sample at low temperatures 
 
8.3. Low temperature FMR measurements 
To understand the low temperature switching behavior better, I carried out 
FMR measurement to find out the damping and the demagnetization field at various 
temperatures. I used the same cryostat and sample positioner except that I replaced the 
waveguide on the sample holder with an FMR waveguide that does not have the center 
hole. The FMR sample chip, which is taken from the edge of the device wafer, where 
the full magnetic stack is preserved during the device fabrication, was placed at the 
center of the waveguide with the magnetic stack facing down. The four corners of the 
chip were glued onto the waveguide with cement glue, which hardens quickly and 
adheres to the waveguide surface when dried in air and can be easily scraped off by a 
razor blade after the measurement is done. 
I show the FMR results in Fig. 8.13. As temperature decreases, the 
demagnetization field slightly increases from 4100 Oe to 4650 Oe, which is likely due 
to the increase in the saturation magnetization of FeCoB at lower temperatures. The 
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damping parameter α increases from 0.0165 at room temperature to 0.018 at 100 K 
and slightly decreases at lower temperatures, except for an abnormal drop at 50 K. The 
increase of magnetic damping could be due to some antiferromagnetic iron oxide 
layers that introduce extra spin relaxation mechanism below their blocking 
temperatures96. It is not clear why there is a sudden drop of damping at around 50 K, 
where the FMR lineshape and amplitude are still good enough not to severely affect 
the data processing. 
 
Fig. 8. 13 FMR measurement on Canon 1 sample 
 
However, the increased Meff and α qualitatively explain the increased Ic we 
observed in Canon Large 1 devices. Aradhya et al. reported a zero-temperature critical 
current density of ~ 4 × 1011 A/m2 in a similar Pt-based 3T-MTJ structure68. If we take 
this current density and calculate the current needed to switch a device on a 500-nm 
channel, it gives Ic = 1 mA, which is consistent with our observed Ic at low 
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temperatures given that at lower temperatures thermal fluctuation gradually freezes 
out and the switching current will approach the zero-temperature critical current from 
the macrospin fit. However this doesn’t account for the independent increase of Meff 
and α at low temperatures, which will contribute to higher Ic’s.   
 
8.4. Switching of the MTJs under short voltage pulses at low temperatures 
Next, I briefly show how the 3T-MTJs behave with short switching pulses at 
low temperatures. Due to the large increase in critical current (voltage) at lower 
temperatures, I expected that the critical short pulse voltage needed to switch the 
MTJs would become significantly large. Therefore, I choose to look at a W-based 
sample with Hf dusting which had a much smaller Ic0 at room temperature compared 
to the Pt-based samples. First, I show the typical room temperature behavior of these 
MTJs as a comparison to the low temperature behavior that will be introduced later. 
The devices have a material stack of W(4)-FeCoB(1.8)-Hf(0.1)-MgO(1.6)-FeCoB(4)-
Ta(5)-Pt(3)-Ru(5) (“W5”), and are annealed at 300 °C for 1 hour. In Fig. 8.14 I show 
the typical field and DC current switching of a device having a nominal size 190 × 45 
nm2. It has Hc ~ 35 Oe (Fig. 8.14(a) inset) and Ic0 at room temperature ~ 130 μA as 
fitted from the ramp rate measurement (Fig. 8.14(b)). 
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Fig. 8. 14 (a), Field and DC current switching of a typical W5 device (b), ramp rate 
measurement of the W5 device 
 
I carried out pulse measurements at room temperature. Shown in Fig. 8.15(a) 
and (b) are pulse switching probabilities of the device at different pulse amplitudes 
and durations, for P→AP and AP→P respectively. Smooth probability curves with 
100% probability at high voltage/large duration can be achieved for both switching 
polarities with a slight asymmetry possibly due to the imperfect offset field applied to 
balance the dipole field on the free layer given by the reference layer. Switching 
voltages and durations at 50% probability are extracted from the pulse curves and are 
plotted in Fig. 8.15(c) and (d), along with macrospin fitting curves. From the average 
switching voltage V0, we get equivalent switching current Ic0 ~ 133 μA, consistent 
with ramp rate results shown in Fig. 8.14.   
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Fig. 8. 15 Pulse switching probability curves for a W5 device for P→AP and AP→P 
polarities (a) and (b), along with 50% probability points and macrospin fitting (c) and (d) 
 
Next, I did low temperature pulse measurement on W5 devices in collaboration 
with the quantum information group at Raytheon BBN Technologies. A high 
frequency cryogenic probe station with automated probe-motion capability is used to 
enhance the measurement efficiency at as low as 4 K. We show two pulse switching 
phase diagrams for P→AP and AP→P in Fig. 8.16. Compared to the room 
temperature results, the average critical switching current, when converted from V0’s 
using Rchannel = 3.9 kΩ, is 140 μA, which is slightly higher and is as expected from the 
DC switching comparison between at room temperature and low temperatures.   
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Fig. 8. 16 Pulse switching phase diagrams of a W5 device at 4 K 
 
The 4 K pulse results show that these 3T-MTJs behave well at low 
temperatures and can be useful for cryogenic applications such as superconducting 
computers. Of course with unbalanced reference layers and non-ideal film uniformity 
there are some regions of the phase diagrams where the switching probability 
fluctuates slightly which reflects potential magnetization trapping or switch-back 
behavior. However, the small increase in the switching current and large increase in 
the coercivity (and hence thermal stability) show great promise for low energy writing 
application and also manifests the advantage of the three terminal design that enables 
achieving excellent performance in different aspects at the same time. 
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